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Abstract

Development of Light actuated chemical delivery platform on a 2-D array of micropore structure
by
Hojjat Rostami Azmand
Department of Electrical Engineering
Adviser: Professor Sang-Woo Seo
Nearly 200 million people worldwide are suffering from the degeneration of the photoreceptor
cells of the retina, causing progressive loss of vision and eventual blindness. Although there is no
curative medical treatment for retinal degeneration, current retinal prostheses allow to compensate
for the function of lost photoreceptors. These prostheses typically consist of a microelectrode array
in the proximity of neural cells, transducing two-dimensional (2-D) pixelated visual data into
electric currents. There exist, however, numerous limitations of the electrical stimulation approach.
These limitations include poor spatial resolution restricted by the size and the available number of
the electrodes, the lateral current spread, and complex signal processing. Additionally, electrical
stimulation affects all types of adjacent cells, resulting in limited visual acuity.
While external electrical stimulation has been successful in creating neurological
stimulation, it cannot exactly mimic the highly specific neurochemical functions that originally
happen in neuron cells. It is known that neurons communicate with each other via transmission of
the chemicals called neurotransmitters. As an alternative to electrical stimulation, chemical
stimulation functions through the same chemical language between neurons by delivering
neurotransmitters directly to the retinal neurons. However, while this is theoretically promising,
there is an unmet need for proper microfluidic technologies to deliver precise amounts of
xiv

neurotransmitters to the vicinity of the neural cells. Such advancement would give researchers a
more physiologic approach to chemically excite the neural cells and mimic what actually happens
in the eye. In response to this need, this research proposal investigates developing a light-actuated
valveless release system on a 2-D array of macroporous silicon structures with the potential of
releasing neurotransmitters by light, thus imitating the natural retinal function.
To develop a light-actuated valveless chemical release system, two approaches were
chosen for this research. In the first approach, surface tension force was used to create pumping
actuation. Polypyrrole was synthesized, which can change surface wetting properties by applying
voltages of as low as 0.4 V. A low voltage valveless flow control was developed by depositing a
thin layer of polypyrrole inside the pores of macroporous silicon. The resulting structure can
control the flow through pores of the macroporous structure by applying a voltage of 1.4V. The
second method that was investigated is the use of temperature-sensitive hydrogel embedded in the
pores of a macroporous silicon structure. In response to heat, the hydrogel changes volume
significantly from a swollen to a collapsed state, allowing the hydrogel to control the liquid flow
through the pores. Graphene nanoplatelets are incorporated into the thermo-responsive hydrogel
to utilize local heating spots by near-infrared light. This approach investigated the photothermal
actuation of liquid flow in a 2-D, pixel-like configuration with high spatial and temporal
resolutions. The proposed platform can be utilized to develop cost-effective and compact drug
delivery systems for retinal prostheses and other therapeutic treatments.

xv

Chapter 1 Introduction

According to the statistics provided by the World Health Organization (WHO), around 285 million
people are suffering from vision disabilities all over the world, and there are 39 million blind
people. Among them, there are patients with retinal degenerative diseases who suffer from loss of
the photoreceptive cells of the retina, with the rest of the retina remaining intact [1, 2]. This
condition is called retinitis pigmentosa (RP), which is the most common inherited disease affecting
people between the ages of 20 and 60 worldwide. In the United States, more than 500,000 people
have vision disabilities due to RP, 2000 of whom are blind. It is generally considered a
degenerative disease with possible effects on the photoreceptors (i.e., rod cells) that are responsible
for helping the person see in the darkness or under low-light conditions. The condition causes
gradual vision loss and may finally lead to diminished vision or blindness in some cases.
Vision disabilities reduce the quality of life of patients and impose a great emotional and
financial burden on families and healthcare systems. It is estimated that vision-related disorders
will have an overall cost of $30 billion by 2027 on both patients and healthcare organizations [3].
Hence, a large number of patients require retinal implants over this forecasted period emphasizing
the need for investment and development of new generations of retinal implants.
Retinal Photoreceptor Cells
The Retina, the most posterior layer of the eyeball, is a stratified light-sensitive tissue with a
thickness of 400µm. The retinal neural network is composed of several layers of cell bodies and
their neural processes. A cell layer called the retinal pigment epithelium (RPE) contains the
1

photoreceptor cells called rod (excited by low light) and cone (excited by daylight) (Fig. 1-1) and
is located just behind the neural retina (which contains layers of the so-called bipolar and ganglion
cells). The RPE recycles the visual pigments and keeps the photoreceptors in a healthy condition
inside the retina. Upon excitation with the incoming light, the photoreceptors create the visual
signals that are transferred to the bipolar cells located in front of them. Bipolar cells, in turn, deliver
the signal to the ganglion cells, whose processes converge to make the optic nerve. The latter relays
the visual signal to the visual cortex of the brain for processing.

Figure 1.1 the structure of eye retinal [90]

Photoreceptor cells are the light-sensitive cells inside the retina that release some chemicals upon
being stimulated by light. These cells are recognized mainly by their high number of photo2

responsive proteins (e.g., rhodopsin protein). When stroked by light photons, a conformational
change happens to these photo-responsive proteins that initiate a phototransduction cascade. A
large density of photoreceptors is required to achieve optimal visual resolution. The output signal
of the photoreceptor is caused by photon absorption. As already mentioned, there are two types of
photoreceptors: the rods that account for light sensitivity and the cones that are responsible for
color recognition. These photoreceptors are categorized as highly specialized neurons that are
responsible for the initial stages of vision [5].
Rods have the highest sensitivity for light and play a central role in low light night vision, while
cones are activated under normal and bright light conditions. It should be noted that they quickly
respond to changes in the intensity of light and enable the person to see colors and attain higher
visual acuity. Rods and cones are concentrated in the central region of the retina called the macula.
Humans have three different types of cones that receive the blue, green, and visible red
photons reflected from objects, namely the long-wavelength sensitive (LWS or red) cones, middle
wavelength sensitive (MWS or green) cones, and short-wavelength sensitive (SWS or blue) ones.
The photo-sensitive pigment proteins within the cone cells have spectral peaks at about 445 nm,
535 nm, and 570 nm, respectively. The rods have a spectral absorption peak of about 500 nm, are
more abundant, and have a light sensitivity of about 100 times higher (more sensitive) than that of
the cones. A healthy and harmonious interplay between rods, cones, and other retinal cells allows
the generation of an informative visual signal for the brain to process. Any genetic mutation or
environmental factor that hampers the number or function of photo-sensitive proteins or
photoreceptor cells could reduce the quality of the visual signal and cause a spectrum of different
diseases.

3

Retinal Degeneracy
Photoreceptors are the essential starting point for converting light photons into the visual signal;
this process is called phototransduction. RP and age-related macular degeneration (AMD) are
among the most common retinal diseases that happen due to the loss of photoreceptor cells. One
in 3,500 to 4,000 people in the US and all over the world suffers from RP. Over 250 different
gene mutations are reported to cause RP [6]. These mutations could induce defects in retinal
pigments of photoreceptors rendering them ineffective in phototransduction. Besides, they can
inflict other disturbances to photoreceptors to dysregulate their function or eventually kill them.

Figure 1.2 Cross-section schematic of the normal and degenerate retina, with dimensions from
measurements in humans[7]

Figure 1.2 compares the degenerated retina with a damaged photoreceptor with a healthy retina.
Another eye disorder is called Age-related macular degeneration (AMD), which may become
worse as the person grows old. This is the most common cause of blindness in people who are over
the age of 60. Among children and young adults, another form of macular degeneration, called
4

Stargardt disease or juvenile macular degeneration, is more common. It results from the central
section of the retina (macula) being worn off. Since this complication is caused due to senility, it
is commonly referred to as age-related macular degeneration. Based on the statistics provided by
the International Agency for the Prevention of Blindness (IAPB), age-related macular
degeneration has been the reason for the blindness of 5% of blind people all over the world. Today,
around 196 million people are suffering from AMD, and the number is expected to reach
approximately 288 million in 2040 [8]. Hence, there is a growing number of patients requiring
retinal implants in the future [4].
Retina degeneration is commonly due to the progressive and eventual death of retinal cells.
Unfortunately, retinal cell damage results in irreversible changes limiting the therapeutic options
for patients with AMD. Although the mechanisms and pathologies of these diseases have been
well characterized [9], there is no effective remedy to cure these diseases. During the last three
decades, researchers have studied various treatment options for restoring the vision of those
affected with degenerative photoreceptor diseases, including gene therapy, stem cell treatment,
retinal transplantation, and artificial stimulation. Most of these treatments are not curative and
only slow down the photoreceptor degeneracy, eventually culminating in blindness. However,
retinal prostheses are one of the clinically available therapies providing a visual aid to patients
with AMD.
Retinal Prosthesis
1.3.1 Electrical stimulation
For the first time in 1755, Charles Le Roy successfully announced that applying an electrical
current to the ocular surface of a patient suffering from blindness led to seeing flashes of light, and
it was the first time the concept of 'phosphenes' turned to scientific reality [10]. It was the time that
5

researchers understood the viability of using electricity to help the blind regain their sight [11].
The findings proved that the retinal prosthetics could stimulate neural cells by inducing electrical
currents to the eye to help the eye of the blind receive visual signals, which restores the sight. The
results were reproduced in other types of disorders with impressive outcomes in treating
neurodegenerative diseases by electrical neuroprostheses. The restoration of vision by retinal
implants involves the insertion of one or more stimulating electrodes into a specific area of the
neurons. They do not target specific neurons but rather modulate activity in dysfunctional brain
regions based on undefined mechanisms. In recent years, high-resolution electrical stimulation
devices have been approved for local stimulation of neurons with arrays of microelectrodes [94].
The current retinal prosthesis addresses the nervous system by bioelectronic stimulation.
Benefiting advanced microelectronic technology, they use a 2-D array of microelectrodes to
stimulate neural cells in the retina. Implementing the technological developments and surgical
procedures allowed partial visual restoration following these methods have been reported[10].
Retinal prostheses are mostly implanted into the epiretinal and subretinal space[12]. These
locations are highlighted in Figure 1.3. In the epiretinal prosthesis, the microelectrode array is
implanted on the inner surface of the retina to stimulate the retinal ganglion cell layer. Epiretinal
implants may allow for heat dissipation through the vitreous and elimination of trans-scleral cables
for the prosthesis.

6

Figure 1.3 Electronic retinal prosthetics (subretinal, left; epiretinal, right) [12]

Subretinal stimulation involves the implantation of a nonpenetrating microelectrode array into the
subretinal space, which is surrounded by retinal pigment epithelium (RPE) and neurosensory
retina. Subretinal space allows retinal tissue to secure the device, increasing stability and reducing
the space between the stimulator and retinal tissue. Additionally, subretinal prosthetics allow for
bipolar neuron stimulation, which ideally minimizes the need for advanced image processing while
taking advantage of natural retinal processing[13]. Electronic retinal prosthetics (subretinal, left;
epiretinal, right) electrically stimulate surviving retinal neurons after photoreceptor degeneration,
thus transmitting visual information to the brain[12].
1.3.1.1 Current status for electrical stimulation
Electronic retinal prosthesis devices can be placed either in the brain, optic nerve bundle, retina,
or subretinal space to provide direct electrical stimulation, and clinical trials are currently being
conducted to test their viability in real-life situations [11]. So far, there hasn't been any result with
advantages compared to the other existing systems. Still, the substantial progress over the past
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three decades represents unprecedented effort, innovation, and collaboration, across the field as a
whole. One relatively recent venture (Pixium Vision SA), shown in Figure 1.4, has used different
concepts related to implants in order to make up a new model for the purpose of photovoltaic
stimulation. In this modular array setup, a 1-mm wide hexagonal chip containing 142-pixel cells
of 30-µm-thick is inserted subretinally.

Figure 1.4 Prima by Pixium vision [14]

The spatial resolution of prosthetic systems is limited by several factors, including electrode
density, size, number, pitch, and electrode contact. Signal transmission generates an amount of
heat, which limits the maximal electrode density. In cases of the probable development of an
implant having the same size and density compared to the PR's microelectrodes, there would be
some challenges regarding the engendering of visual encoding capacity for the interneurons of the
retina, which are specifically located at the fovea, since there is no overlapping of neuronal layers
[10]. Hence, achieving a spatial frequency that is equal to the minimum angle in 20/200 vision is
8

possible via setting the maximum pixel diameter at 50 µm with the separation distance of 25µm.).
Below, Table 1-1 shows characteristics for some of the best available retinal prosthesis devices
that are used in epiretinal and subretinal electrical stimulations. Except for Alpha IMS, all of them
need an external camera to help with image processing. Since the size of the target stimulating cell
(retinal ganglion cells) should be comparable to the size of electrodes 5-20 µm, in the ideal
condition [91]. Although the current retinal implants have been considerably improved in
comparison to 10-20 years ago, the quality of the vision is still not comparable to a healthy
retina[92]. The maximum resolution of the electrodes is limited by electrode size and electric
charge spatial spread. For an electrode size of 10µm, the electric charge spread can not be
controlled in distances less than 60 µm. This means that even for electrical stimulation with an
ideal electrode size, the visual quality is six times lower than the visual quality of a normal
retina[93]. One reason is, the electrical stimulation is limited by the spread of the applied electric
field, and it cannot have a resolution of less than 100 µm, which is the spread range of electric
current from planar microelectrodes[15, 16]. There are more than 30 types of mammalian cells in
the retina that have been identified [94], that electrical stimulation will affect all of them. However,
each kind of cell is responsible for different aspects of visual information like brightness, contrast,
color, etc. Therefore, stimulating all of them simultaneously results in lower visual accuracy [95].
Therefore, despite the impressive success of electrical-based retinal prosthesis devices, two main
challenges (i.e., resolution and specificity) limit further refinement of devices based on electrical
stimulation.
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Prosthesis model Alpha-IMS[18]
name
Implant location
Array size
Electrode array
substrate
Electrode
number
Electrode
diameter
Stimulation
Clinical status

Argus II[18]

IMI
Learning
Prosthetic[13]

Subretinal
3mm×3mm
Silicon

Photovoltaic
implant
“PRIMA.” [10]
Subretinal
1mm diameter
Silicon

Epiretinal
3 mm diameter
Polyimide

Epiretinal
2.4 mm2 area
Polyimide

1500 pixels

143 pixels

60 pixels

49 pixels

50 µm

70 µm

200 µm

250 µm

Luminance, 5-7 N/A
4-677µA, 20 Hz
Hz
29
patient Preclinical trials 30 patient, FDA
implanted
Rats
2013

0.5- 380 µA, 60
Hz
20
Patients
implanted

Table 1.1 Comparison of some of the best electrical stimulated retinal prosthesis

1.3.2 Chemical stimulation
The chemical basis of neurotransmission has inspired research into artificial chemical
communication with neurons. Some chemical stimulation models for a retinal neural interface
were first suggested around 2003 for high-resolution simulation of neural systems [18-20]. The
final goal of this stimulation is to generate an electric signal at neurons going toward the brain.
However, in chemical stimulation, unlike electrical stimulation, the electrical signal is generated
through the release of chemical compounds, called neurotransmitters, that can stimulate the neural
cells to transfer the visual signal to the brain.
To improve the visual signal, a retinal prosthesis may need to mimic the biological complexity and
resolution of the retina, including the ability to address individual cell types and to stimulate the
retina with the biological specificity achieved by using neurotransmitters.
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Chemical stimulation offers a biomimetic means of restoring vision by chemically
stimulating the retinal neurons with native neurotransmitters. Neurotransmitters actuate the same
receptors used by the natural visual transduction process. Neurotransmitter-based stimulation
requires developments in microfluidics and nanofluidics. [21-23].
1.3.2.1 Neurons Communication (Synapse)
Synapses are the junctions at which neurons connect each other.
The task in neurotransmission is to convey a signal from a sending neuron to a receiving neuron across an
open space known as synapse, which is shown in Figure 1.5. At a synapse, one neuron sends a

message to a target neuron—another cell. Neuronal communication is an electrochemical event.
When the neurotransmitters released by nearby neurons are received by other neurons, a potential
is generated, which moves through the length of the axon to reach the neural end plate and hence
frees the neurotransmitter inside the synapse. All neurons accomplish this in approximately the
same way. This physiological communication between neurons is dependent on the exchange of
these neurotransmitters at the synapses [24]. Different neurotransmitters are associated with
different functions. Inspired by nature, this kind of chemical-molecular communications, i.e., the
use of molecules to encode, transmit, and receive information, stands as the most promising
communication paradigm to realize nanonetworks. In this respect, stimulation of neurons using
their own language, i.e., neurotransmitters, stands out as a potential groundbreaking strategy.
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Figure 1.5 Signal transmission in a synapse.[26]

One promising alternative proposed to circumvent many of the limitations of electrical-based
retinal prostheses is an artificial chemical synapse platform. An example of this approach is a
neurotransmitter-based retinal prosthesis that mimics the natural synaptic communication of the
retina. A neurotransmitter chemical, particularly glutamate as one of the neurotransmitters, which
is the leading agent of intercellular communication in the normal retina, has been proposed as a
better stimulating agent rather than an electrical current for a retinal prosthesis [26]. Moreover, the
neurotransmitter-based retinal prosthesis has been investigated to support chemical-based
neurostimulation and determine therapeutic stimulation parameters. Glutamate injections were
targeted at the bipolar cell-RGC synapses, and the extracellular electrodes record the generated
electrical signal that reflects the intracellular membrane potential. [27].
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1.3.2.2 Current status
There has been some progress on research toward the stimulating chemical retina, and a research
group at the University of Illinois at Chicago recently developed the first synaptic chip for
neurotransmitter release on retinal neurons[22]. There are various challenges to the current
technology, and there are still a variety of physiological and technological limitations. Corey M.
Rountree et al., for the first time, fabricate an array of eight 25um pores with a pitch of 200um on
the surface that can generate visual signals of different spots at the same time[23]. Figure 6.1 shows
the Tygon tubing and manipulation rod attached to the prototype device. Each Tygon tube connects
each reservoir in the device. This research group presented the first experimental evidence for the
feasibility of chemical stimulation. They show the way to transfer a pixelated signal of a visual
scene into neural signals. They were able to demonstrate experimental evidence of the application
of this strategy for converting visual patterns into afferent neural signals.

Figure 1.6 Photographs of the fabricated prototype of the device held by tweezers. [23]
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Table 1-2 shows the comparison of current statues of retinal prostheses that are using chemical
stimulation platforms in their approach. It is noteworthy that, however, the minimum electrode
diameter is 10 micrometers; the maximum achievable resolution for the final product has 8 pixels.
The resolution values and number of pixels are very small in comparison with other electrical
stimulation approaches in today’s retinal prosthesis technology.

Prosthesis model name

Array Material
Number of ports

artificial
wild-type
rat
synapse chip[29]
retinal[28]
Subretinal
Epiretinal
200um pitch around a 1mm diameter of a
6mm diameter circle
single port
PDMS
glass micro-pipet
8 pixels
1 pixel

S334ter-3
rat
model [23]
5 µm apertures on
4mm square
Silicon wafer
4 pixel

port diameter
Stimulation
spatial spread

25 µm
Pressure injector
50 µm

5 µm
Electroosmotic
125 um diameter

stimulated location
Array size

10 µm inner diameter
N/A
65-235 µm

Table 1.2 Comparison of currently available chemical stimulation models

Problem Addressed
Researchers prefer to use retinal prosthetics due to a straightforward surgical method, and they can
work only by replacing the prosthesis in the correct position of degenerated cells. The current
design of therapeutic retinal prosthesis is to artificially stimulate healthy neurons of the
degenerated retina [21, 28]. Two noteworthy methods are suggested to stimulate retinal neurons
of the degenerated retina, namely, electrical and chemical stimulation. All clinical retinal
prostheses are currently stimulating neurons using an electrical current applied through an array
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of electrodes interfaced with the retinal surface. The average diameter of electrodes is proportional
to the final resolution of the vision in all electrical actuated prostheses.
Nevertheless, the problem is that the electrical stimulation has difficulties in achieving high
spatial resolution because of the non-controllable electrical current spread. However, initial
research showed that electrically stimulated retinal prostheses could bring partial vision back to
patients with degenerated photoreceptors. It should be noted that the latter results were never
comparable to vision standards defined by healthcare clinics [7]. Other research shows that
because of limits in the electrical charge distribution, even theoretical resolution for ideal
electrical-stimulated retinal microelectrode array is limited to about ten times lower than healthy
retinal vision. Also, electrical stimulation is an unnatural way of stimulating neurons and
nonspecifically stimulates all cells of the retina. These fundamental limits in electric charge
distribution control and electrode size are difficult to overcome even with today's technology.
Neurotransmitter-based retinal prosthesis devices must localize their delivery to retinal
layers that contain synapses for the target cells of interest. These devices bio-mimetically stimulate
the undamaged retinal neurons of a degenerated retina through the same synaptic pathways used
by normal vision. However, unlike electrical stimulation, this approach has not entirely evolved
and does not have limitations of electrical stimulation. However, research confirms the feasibility
of chemical stimulation in the retina, and the best prototype that has been tested in this method has
only 8 pixels of injecting stimulators, which is not comparable to 1500 pixelated electrical
stimulators [29]. Also, chemical ports do not have minimum limits in their size, like electrical
stimulator electrodes that can support releasing ports as small as 5µm diameter, similar to single
rod photoreceptor size. Therefore, it is sensible to consider novel micropumping approaches to
investigate chemical stimulation in the retina to gain higher visual acuity. Stimulating neurons this
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way offers the potential for more naturalistic vision than electrical stimulation since the stimulus
agent is the same chemical utilized in normal retinal signaling [30, 31].
Research Objectives
Neurotransmitter-based chemical stimulation has a new prospect that mimics normal chemical
signaling between neurons in the retina. However, the current demonstrations based on the
chemical stimulation do not even reach the level of the electrical stimulation approach. They
typically use bulky external pumps to eject neurotransmitters with a limited number of stimulation
ports. Expanding to a large number of stimulation ports poses serious technical problems due to
complex fluidic control requirements.
The principal objective of the research is to create a 2-D array of neurotransmitter channel
pixels, of which the neurotransmitter ejection is directly controlled by the incoming light images.
An immediate application for this objective is to cover the need for a retinal prosthesis, which can
be employed by adjusting the amount of neurotransmitter release to stimulate the specific retinal
cells.
The individual fluidic channel is small enough to be interfaced with single-cell stimulation,
and the structure is completely scalable to a large array for high-resolution stimulation. To
minimize any complicated electrical processing circuitry in the retinal prosthesis, NIR light is
directly used to actuate an array of dispensers for independent neurotransmitter ejection.
To achieve this goal, the proposed research will explore suitable mechanisms for lightcontrolled neurotransmitter ejection based on our proposed MPS structure platform. The proposed
device features an array of light-actuated liquid dispenser ports that eject small amounts of
neurotransmitter fluids on the order of picoliter per second in response to light energy in the range
of 0.1-100mW/cm2. This dispenser will be small enough to be interfaced with single-cell
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stimulation, and it is independently operated to allow 2-D chemical stimulation. The pore size,
shape, and length will be tuned for optimizing the proposed device performance. To utilize the
unique arrayed pore structure, we will examine two approaches to develop an efficient
neurotransmitter ejection mechanism using light. One approach will be using surface-wetting
control using polypyrrole-based thin film on the pores, and the other approach will be using lightcontrolled physical ON/OFF valves using hydrogel structures.
Dissertation outline
This dissertation has five chapters. The introduction to problem context and the key objectives of
this research are covered in chapter 1. In chapter 2, the MPS structure, fabrication steps, and some
potential applications will be introduced. In chapters 3 and 4, two novel valve actuation based on
an MPS structure will be investigated. Chapter 3 will discuss the development of a valve actuation
based on the electro-wetting property of materials. And, in Chapter 4, a new light-actuated
chemical release system will be introduced. Hydrogel-embedded MPS structure will be
demonstrated to be stimulated by light to have actuation and be used for chemical release. Finally,
in chapter 5, the conclusion and directions for future investigation will be presented.
This research proposes a high-density array of micropores that can act as an individual
chemical release port. The micron-size pores of the MPS structure and the potential of defining it
as a 2-D array of release ports led us to investigate different possible approaches that can be
implemented to control chemical release through pores of the MPS structure. The availability of
advanced and cost-effective technology for silicon processing can make it possible to
commercialize the final viable product. Two approaches are investigated for chemical release
control for neural stimulation in chapters 3 and 4 of the current thesis. We will explore recent
possible approaches for the fabrication of MPS structure to make a 2-D array of pores in planar
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silicon structure. We will explore the application of surface tension forces and the possibility of
embedding hydrogel with a stimulated response to control chemical flow using light power.
Finally, we will investigate other applications for the fabricated structure and possibility of
microfluidic pumping control properties, which are used for current chemical neural stimulation,
and we will suggest our platform for light-actuated and light addressable chemical release that can
be used for therapeutic prosthesis purposes in the degenerated retina and other possible
applications.
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Chapter 2 Electrochemical Etching of MPS structure

Introduction
Electrochemical etching of silicon can generate structures with unique properties. It generates the
initial structure to create self-standing silicon nano wires and silicon microparticles. High aspect
fabrication of MPS structure by electrochemical Etching techniques was first performed in the
fabrication procedures of semiconductor devices in the 1990s by Lehmann and Foll [97]. Utilizing
porous silicon arrays has gained attention in many scientific fields like in electronics, photonics,
or microfluidics for sensing and deice packaging[101-110]. Also, the MPS structure itself is
considered a popular material because of special features in biocompatible chemical and physical
properties[111]. Moreover, because of the same fabrication protocols, MPS can be integrated with
VLSI technology and have a cost-competitive procedure of fabrication [96]. Porous silicon is
usually formed as an array of 2-D pores placed on silicon structure, and it is mainly utilized as
photonic crystals [98]. However, in this dissertation, the same 2-D array is used for non-photonic
applications.
Etching techniques to create an MPS structure can be divided into two fundamental wet
etching (liquid-based etchants) and dry etching (plasma-based etchants) groups. In wet etching,
materials are removed once wafers immerse in a chemical solution; as a result, the reaction of a
selected film can form the soluble by-product. In dry etching, Fluorine-based inductively coupled
plasma by the Bosch process is used to dissolve the silicon in order to create an MPS structure
[100]. To control the silicon etching process, C4F8 and SF6 gas have been used; C4F8 creates a
polymer layer, and the SF6 beside O2 to etch silicon on the bottom surface [99]. In comparison to
wet etching, pore depth is more precise, controllable, and repeatable. However, requiring an
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expensive vacuum system is the drawback of dry etching. Starting and stopping the etching process
is simple, and dry etching can be done at room temperature. Also, determining features for smaller
than 100 nm size is possible in dry etching [34].
Etching Profile
Once a liquid or vapor etchant attacks material, removing the material occurs isotropically
(uniformly in all directions) or by anisotropic etching (being identical in a one-directional line).
To understand how isotropic etching is different from anisotropic etching, the comparison image
is shown in Figure 2.1. As the Figure presents, the speed for removing material is much quicker in
one direction in comparison to the other directions. Isotropic etching is usually happening in wet
etching processes, and the etch rate is more than the rate in lots of dry etching procedures.
However, by changing the temperature or concentration of active etchant material, the etching rate
can vary simply.

Figure 2.1 (a) Ideal anisotropic (b) isotropic etching

KOH is one of the main etchants used for anisotropic wet etching. Due to KOH having an etch
rate selectivity 400 times more in <100> direction compared to <111> direction, the wet etching
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of polycrystalline material like silicon removes the material in <100> direction and can create a
“V” shaped gove inside the material, which has the angle of 57.4 deg with the side walls. Wet
etching of the silicon wafer causes a cavity to be formed, which has a trapezoidal cross-section.
Figure 2.2 shows silicon with <100> direction that the bottom of the cavity is a plane, and the sides
are off the plane. It can be seen that Etch rate in <100> is larger than <111>, and 110 crystal
orientations.

Figure 2.2 .Anisotropic etching on <100> Silicon

Wet Etching of Silicon
Wet etching refers to the process of using an alkaline or acidic solution in order to remove material
from the surface of a sample. Being a cost-effective, fast process, and ease of implementation are
advantages of this etching technique. Adjusting the concentration of KOH can result in achieving
higher selectivity, etching rate, or surface uniformity which can add to the list of advantages. But
they have controlling difficulty due to high defect levels on the surface of wafers. Therefore they
have insufficiency for determining the accurate dimension characteristics when features are
smaller than 1μm, and all of the wet etching processes generate chemical waste. Concentrated
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acids are mainly used for etching metals, but an etching of silicon is done by utilizing various
alkaline solutions like tetramethylammonium hydroxide (TMAH), potassium hydroxide (KOH),
and ethylenediamine pyrocatechol (EDP, also EDA). It should be noted that the process of etching
is done with materials resistant to chemical attacks like silicon nitride (Si3N4) and silicon oxide
(SiO2). If the protection layer is SiO2, then for etchant KOH cannot be used because it can attack
the SiO2 protection layer, and TMAH will be the preferred etchant.
Electrochemical Etching of silicon
Porous silicon (PS) is the result of silicon being oxidized in hydrofluoric acid under the applying
proper potential voltage and electric current. In this method, Potentiostat or Galvanostat can be
utilized to apply the proper electrical current that is needed for dissolving the silicon. The etching
is done while the silicon is selected as the anode of the system in an electrolyte solution [35].
Several factors play an essential role in the process of electrochemical etching. For example, we
can bring some of them as (i) material of semiconductor (ii) doping density of the semiconductor
which determines the resistivity (iii) n or p-type of doping condition [138].
In theory, any semiconductor can dissolve anodically in an acidic electrolyte. In the case
of p-type semiconductors, the availability of holes (h+) is dominant within the semiconductor. An
acidic electrolyte that contains negative F ions can generate a strong bonding with positive h+
holes. The same scenario is not correct for n-doped semiconductors because of missing holes. In
the case of n-type semiconductors, if the sample is lighted up from the back, the situation is met
to dissolve in an acidic electrolyte. Figure 2.3 illustrates this condition for n-type silicon explicitly.
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Figure 2.3 n-type illuminated silicon for macroporous structure fabrication

Until now, most technical instructions were by utilizing silicon wafers with resistivity range from
1 to 30 Ohm/cm. According to equation 1, a reaction occurs if holes are available on the surface
and silicon is dissolved by hydrofluoric acid. Here, the Si-F causes the main chemical reaction to
make 𝑆𝑖𝐹62−
dissolved in water [139].
𝑎𝑞
𝑆𝑖𝑠 + 6𝐻𝐹𝑎𝑞 + 2ℎ+ → 𝑆𝑖𝐹62−
+ 4ℎ+ + 𝐻2
𝑎𝑞

(1)

Under anodic biasing for both types of silicon, including p-type and illuminated n-type, the current
and voltage relation are depicted in Figure 2.4.

Figure 2.4 Typical J-V curve for the HF-Si electrochemical system [36]
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The doping density is among the factors that determine the resistivity of the sample. The density
of the doping besides fluoride ion concentration both determine local current intensity. The doping
concentration of the implemented p-type Si is usually used for the measurement of the distance
between pore walls and pore diameter. However, the morphology of the etched pores is determined
by the electrical characteristics of the silicon wafer substrate. It is possible to etch predefined
features profiles by increasing or decreasing current or potential as much as needed. Some factors,
such as the electrolyte concentration, dopants density, and temperature, can affect electrical
parameters.
Moreover, it should also be noted that electric voltage and current do not influence the
velocity of etching. Notably, the pore morphology and the dimensions are affected by the
orientation of the crystals, carrier lifetime, and bulk Si density and type. It is seen that when the
density of the current is very low, PS formation occurs. While for higher currents, we only notice
electropolishing.
2.4.1 Fabrication of MPS structure
Silicon <100> Oriented wafers were used as substrates in the etching process, and they had a mask
layer that was composed of either 200 nm sputtered Si nitride film (Si3N4) or 100 nm of thermallygrown oxide. The pores were defined via spin coating of the substrate samples with photoresist
(Figure 2.5(a)) and patterning them with a standard contact lithography system, as shown in Figure
2.5(b). After patterning of the photoresist on top of the oxide mask, buffered HF was used in order
to separate and eliminate the oxide layer which was covered inside the opened area to have Figure
2.5(c). It should be noted that in the case of using a nitride mask, Si3N4 was removed with dry
etching in sulfur hexafluoride (SF6) and Oxygen (O2) plasma at 200 W. The process of etching
was conducted with the rate of 150 nm/min under gas flow rates of 5 sccm and 20 sccm for O2 and
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SF6, respectively. Afterward, the process continued with removing photoresist by acetone, and
then 25% TMAH was utilized to etch the Si substrates containing oxide masks. The process led to
the emergence of inverted pyramid-like structures, which were oriented (111) sidewalls are shown
in Figure 2.5(d). Likewise, 30% KOH was the solution for etching the Si substrates with nitride
masks to form inverted pyramids. The grooves of the pyramid-like structure were a collection site
for the holes during the electrochemical etching process. The rear mask was eliminated to facilitate
the electrical contact, and a 100-nm aluminum film was sputtered. Applying a bias lead to the
movement of holes to the aforementioned grooves while conducting electrochemical etching, and
longer pores were generated like Figure 2.5(e). Dissolution reaction in Si is assisted by the
absorption of the holes in the grooves, which intensifies the electrical field.

Figure 2.5 Processing steps for fabrication of MPS structure

2.4.2 Design of electrochemical etch cell
To make the MPS structure, the electrochemical dissolution of silicon can be carried out by using
a two-electrode system under the galvanostatic situation in a Teflon cell. Also, Viton O-ring is
used to seal cells for eliminating leakage of the etchant solution. For holding cells together, Nylon
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hex cap screws should be employed. The materials such as Teflon, which are appropriate for
etching cells, must have a high level of acid resistance. This experimental setup has some
advantages, including simplicity and being easy to modify. Figure 2.6 displays the schematic view
and actual image of our electrochemical experimental setup for p-type silicon.

Figure 2.6 (a)Diagram of Electrochemical etching cell for p-type silicon, (b)Fabricated etching cell for
p-type silicon

The circular surface area of the cell has an opening section. This section is approximately
0.6 cm2. Electrolyte and a platinum wire are located on the front side of the silicon sample. It is
chemically resistant to HF. It touches the electrolyte and is employed as the counter electrode. The
working electrode was the Si substrate, and it was on top of a 0.1 mm aluminum sheet. The porous
Si emerged in p-type Si by the application of a bias over the substrate. When anodization is
performing, generated hydrogen bubbles are permitted to run away. In this experiment, for
homogenous etching and removing hydrogen bubbles efficiently, the platinum wire was wound
into a circular form.
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2.4.3 Electrochemical etching process
In order to implement the electrochemical process, the current is necessary to activate the chemical
reactions that etch silicon. A Keithly 2400 power supply was used to adjust the anodization
voltage/current, and all tests were implemented at room temperature. The substrate was employed
as an active electrode for p-type silicon, while the front side of the sample was placed under an
electrolyte (49% HF. 99% ethanol and deionized water in a 1:2:3 volumetric ratio). Ethanol plays
as a surfactant that increases electrolyte permeability into the holes and helps to lower the hydrogen
bubble created during the etch process by decreasing the surface strain at the Si-HF interface. One
of the important factors in electrochemical etching is adjusting and finding the minimum current
that electropolishing takes place after a critical current density threshold which is called (Jps).
However, about etching with an n-type substrate, holes required for the dissolution reaction are
minority carriers. So, electron-hole pairs were excited on the back of the silicon wafer by turning
on the sample with a sequence of LEDs with a peak emission wavelength of 850 nm, which was
placed 10 cm from the substrate. The photogenerated holes scatter from the backside of the
substrate to the etch front, which is totally used at the pore heads. The backside was exposed to
the silicon substrate by an ITO coated glass, which similarly acts as an optically transparent
medium for photo-assisted pore growing. The etch cell was implemented for n-type etching, which
is the same as the one described above but has some minor differences. An opening was included
in the basic part of the Teflon cell to accommodate the light source. To provide the important
current density Jps, by which electropolishing takes place, the current-voltage curve of polished ntype silicon was analyzed with a 2.5 wt. % aqueous HF etchant solution at the maximum
illumination of the LED. Therefore, an etch current density less than Jps, and a bias of 1.2 V - 1.6
V was used in order to create fixed holes.
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Results and discussion
For low current densities, hole growth was determined at the edge close to the boundary of the Oring. Under the O-ring boundary, no holes were created. When the applied current becomes bigger,
the starting tip point beyond which pore creation is stable surpasses, and therefore, electropolishing
takes place. At the appropriate current density, pores start growing gradually along the surface area
in front of the etchant. With an optimum etching condition, stable MPS structures with depths of
hundred micrometers will be built, as shown in Figure 2.7.

Figure 2.7 (a) view oftop macroporous silicon, (b, c) side profile view of macroporous Silicon fabricated
with electrochemical etching with different pore depth

Macropores created in the p-type substrate with 5 µm diameters showed an inverted
pyramid structure. The growth rate of n- and p-type pores are the same, which takes place
preferentially along the <100 > direction, shows that wall holes are empty of free carriers. Pore
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diameter and the pore wall length between close pores are sometimes provided basically by the
doping concentration of the used p-type substrate.
While similar macroporous structures can be easily built by using p-type silicon, the formal
differences during pore growth are sometimes constrained. N-type silicon determines more extents
of freedom to determine the shape of pore structure during pore growing. Because of the constraint
number of holes that help to break the silicon atoms down in n-type silicon, extrinsic permeating
of holes using light illumination is required in order to start the etching. It is essential to supply
the holes internally by light. Therefore, a group of lenses was implemented to collimate the light
beam from the 850 nm LED, which formed a higher etch current at a similar laser power, and
therefore, many long pores were produced. In addition, for n-type silicon, the width of the pores
was verified by the intensity of light used at the back of the sample. Although the hole width
depends on some elements, one essential factor in finding the hole width was the etch mask. Two
mask layers were applied in the etch process - SiO2 and SiN. Generally, the etching experiments
show that MPS structure built by using n-type substrates is more optimal for micromachining,
determining greater flexibility in the structures that can be created.
Summary
We briefly discussed different electro-etching mechanisms for n-type and p-type silicon and
demonstrated the fabrication process of the MPS structure. Porous silicon is a multi-purpose
material with optical characteristics that have permitted developments in silicon-based photonics
systems. The morphology of porous silicon characteristics depends on its substrate characteristics;
a chemical feature of additives such as etchant and surfactants and anodization situations have
been provided. The creation of macropores at first was shown by investigating the lateral
dimension by using the standard photolithographic process and cleaving the sample to see the side
29

view after wet etching. The same approach was used to see the vertical dimension of the pores by
electrochemical etching. Similar MPS structures were built on n- and p-type monocrystalline
silicon substrates Using these processes. In particular, it has been shown that MPS can be
fabricated in different lengths and pore morphologies by tuning electrical current and voltage.
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Chapter 3 Polypyrrole-coated MPS structure membrane for low-voltage flow control

Introduction
Micropumping has been widely studied recently, and it is of particular importance in microfluidic
applications. Micropumping has evolved as a result of integrating pumping systems and
microfluidic devices for the accurate delivery of fluids [37]. The recent advances in engineering
have led to the production of miniature systems. These systems are smaller in size and show an
improved performance compared to other systems [142-144]. Microfluidics can be used in a
diversity of fields such as medicine, biology, biodefence, microelectronics and etc. They are also
used for chemical analysis, chemical and biological sensing, delivery of drugs, separation of
molecules, electronic cooling and etc. [38]
Micropumps can divide into two groups, (1) Mechanical micropumps are categorized by
the presence of moving mechanical parts as an oscillating diaphragm or a rotor that exerts pressure
on the fluid. (2) Non-mechanical micropumps translate the non-mechanical energy to kinetic
energy, which is applied to drive the fluid. In non-mechanical micropumps, we have direct
interaction with the working fluid through electrical, magnetic, or chemical interactions. The goal
of this chapter is to cover the need for a retinal prosthesis, which can be employed by miniaturized
micropumps that do not have mechanical parts or valves and are very small.
Non-mechanical micropumps transform some form of non-mechanical energy into kinetic
momentum to drive the fluid contained within an arrangement of microchannels. Many different
types of driving mechanisms may be used, including magnetohydrodynamic (MHD),
electrohydrodynamic (EHD), electroosmotic (EO), bubble formation, electrowetting, flexural
planar waves (FPWs), electrochemical, and evaporation. We investigate flow control through MPS
using surface wetting force [140].
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In this chapter, we demonstrate a new example of a non-mechanical valveless micropump
by surface wetting modulation. The structure will have the voltage-controlled flow of organic
liquid through an MPS structure. The demonstrated flow control structure consists of a siliconbased macropore membrane and flow control units formed on polypyrrole (PPy)-coated pores,
which are actuated by its electrochemical wetting change. Conformal coating of a PPy layer along
macropore silicon walls is achieved with the help of a spray-deposited tin-oxide (SnO2) layer on
the pores. The transport of organic liquid through the developed membrane is successfully
controlled by low-voltage external bias on the PPy layer. Cyclic deliveries of organic liquid were
demonstrated using the proposed concept. Considering the highly-ordered fluidic channel structure
formed in silicon, which can have multiple separated electrodes, the proposed concept has the
potential to achieve an actuated fluidic dispenser in an arrayed form.
Here, we demonstrate valveless arrayed gates to control organic liquid flow through pores of a 3D
MPS structure. The MPS structure forms well-defined vertical pores using electrochemical etching
procedures[39, 40]. The pore diameters ranging from a few micrometers to tens of micrometers
are suitable for high-resolution stimulation. The macroporous structure can be potentially defined
as high-density, arrayed microfluidic channels in 3D configuration. In this paper, we apply the
concept of PPy-based surface wetting control within the unique 3D-arrayed macropore structure.
This creates arrayed fluidic valves with a significantly smaller size compared to other
demonstrated microfluidic valves or flow-regulating structures [41-44]. To our knowledge, this
represents the first feasibility demonstration of active flow control in an MPS structure membrane.
While the demonstration in this paper uses a single electrode to control liquid flow, we envision
that a group of pores can be electrically isolated and be controlled by applying different actuation
voltages for multiple liquid flow manipulations, which will have potential uses in controlled drug
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or stimulant delivery systems. This will be a unique opportunity for using MPS structure-based
membranes compared to prior demonstrations.
Design of 3D valve structure based on dynamic wetting control
Figure 3.1 shows example images of our fabricated MPS structure and a schematic illustration of
the proposed device based on wetting control. Typical MPS structures are shown in Figure 3-1 (a,
b) are fabricated using electrochemical etching processing with hydrofluoric-based etching

Figure 3.1 (a) Macroporous silicon structure without pre-structuring processes. (b) MPS structure with
pre-structuring processes. (c) Schematic implementation of the chemical stimulator interface using an
MPS structure membrane. (d) Zoomed pore

solution. Due to their unique etching characteristics, pores with smooth walls in a micrometer scale
can be created. By adding pre-structuring processes before electrochemical etching, randomly
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distributed pores shown in Figure 3.1(a) can be precisely arranged into controlled arrayed pores
shown in Figure 3.1(b).
Briefly, the pre-structuring processes start with photolithographic patterning and
anisotropic etching of silicon using potassium hydroxide (30% w/v. aqueous solution at 80 o C).
This results in the formation of inverted pyramids on the silicon, which serves on the etching sites
to form arrayed pores. The detailed fabrication processes are discussed in the previous chapter and
our previous paper [45]. This unique pore structure can be used as microfluidic channels suitable
for chemical stimulation applications. While there are many reports related to MPS structures, only
a few describe their implementation as fluidic channels [46, 47]. Figure 3.1(c) illustrates our
implementation of the ordered MPS structure membrane as a 3D microfluidic structure. In a
practical application, the MPS structure membrane works as a fluidic interface between a target
drug reservoir and cells in an aqueous environment. At the micrometer length scale, interfacial
surface energy between the pore wall and the liquid becomes an important factor and can be
effectively used to control fluid movement. To evaluate the feasibility of our proposed structure,
we simulate a pore structure shown in Figure 3.1(d) using the COMSOL Multiphysics simulation
tool. Navier-Stokes equations with viscous force and capillary force are solved in the structure. To
find the moving interface between two immiscible fluids inside the pore, we use the level-set
method where fluids are considered to be laminar [48]. For this simulation, we chose a waterimmiscible organic reagent (e.g., dichloromethane (DCM)) as a drug-contained liquid in an
aqueous environment. PD and PL represent pore diameter and length, respectively. The pore wall
wetting condition is defined as the contact angle of a drug liquid (DCM) on the wall. We used
axisymmetric boundary conditions along the pore center line, assuming that the pore is
cylindrically symmetric. The simulations were performed using the following parameters[49, 50]:
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gravitational inertial acceleration (g) = 9.81 m/s2, density of water (𝜌𝑤𝑎𝑡𝑒𝑟 ) = 1 g/cm3, density of
DCM (𝜌𝐷𝐶𝑀 ) = 1.3266 g/cm3, viscosity of water (µ𝑤𝑎𝑡𝑒𝑟 ) =8.9 × 10-4 Pa.s, viscosity of DCM
(µ𝐷𝐶𝑀 ) =4.3 × 10-4 Pa.s, and surface tension (𝜎) =2.8 × 10-2 N/m. Initially, the liquid interface
between the drug and water is positioned at the top of the membrane, as shown in Figure 3.1(d).
For a given pore diameter, drug liquid flow speed, which is defined as the speed of the moving
interface between DCM and water through the pore toward its outlet, is calculated as a function of
the contact angle change. Then, the DCM flow rate is calculated based on the cross-sectional area
of the pore and the flow speed. The accuracy and reliability of the simulation were checked by
refining mesh sizes until the result is converged.
Figure 3.2 shows a calculated flow rate of DCM liquid as a function of its contact angle
and the pore diameter (PD). Pore length (PL) is fixed at 400 µm to match our macroporous
membrane thickness. The ratio of gravitational forces to interfacial forces is given by the Bond
number (B0) [50]: 𝐵0 =

2
(∆𝜌)𝑔𝑑ℎ

𝜎

where ∆𝜌 is the density difference between the two immiscible

fluids (DCM and water), dh is the characteristic channel dimension, and 𝜎 is surface tension.
Taking the structural and material parameters, B0 is much less than 1 for the microscale pore
channels. Interfacial forces are expected to be dominant over gravity in our macropore structures.
The calculated flow rate is also clearly controlled by surface wetting properties of the pore wall
represented by the contact angle. When the contact angle of DCM liquid is less than 90o on the
pore surface, the pore allows DCM liquid to pass through the pore and be ejected from the
membrane outlet. On the contrary, when the contact angle of DCM liquid increases to 90o, DCM
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Figure 3.2 Calculated flow rate of DCM liquid in an aqueous environment through a pore with different
pore diameters and wetting contact angles.

liquid flow gets smaller. The flow control is more significant at the narrow pores. This indicates
that dynamic surface wetting change in micrometer scale pores can be worked as a valveless microdispenser. However, as the pore diameter gets larger, the flow rate is not much controllable, which
is shown in Figure 3.2. While the presented structure is applicable for the direct interface of
immiscible drug liquids in an aqueous environment, a similar concept can be used for aqueous
drug liquids using an additional wetting barrier (e.g., oil or air barrier layer) between the drug
solution and water.
Experiments
Surface wetting characteristics of silicon, silicon dioxide (SiO2) coated silicon, and Tin-oxide
(SnO2) coated glass substrates
Before implementing the proposed wetting control in the MPS structure, we first investigated
surface wetting properties of planar silicon, MPS structure, SiO2-coated silicon, and SnO2-coated
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glass used in the device structure and their wetting properties on DCM droplet shapes. The SiO2coated silicon substrate was prepared by using thermal oxidation. For the preparation of a SnO2coated glass substrate, a simple spray pyrolysis deposition technique was employed. The precursor
solution comprised of 0.1M anhydrous SnO2 in methanol. The pyrolysis setup included an air
pump with a pressure of 15 psi acting as a carrier gas. The compressed air system was connected
to a nebulizer, which aided the transportation of fine precursor droplets onto the pre-heated MPS
structure surface at 400 ℃ for the duration of 20 minutes. For the comparative study, contact
angles of DCM droplets under aqueous solution on those substrates were measured. The contact
angle was defined as the angle formed by the intersection of the DCM liquid-planar solid substrate.
For this experiment, each substrate was immersed in a transparent glass cell with water, and a drop
of DCM was placed on the substrate. The contact angle from the horizontal view of the DCM
droplet on the substrate was measured from a camera.
Figure 3.3 shows camera images and their estimated contact angles of DCM droplets on those
substrates in a water environment. Both planar and MPS structure substrates are etched using a
buffered oxide etch (BOE) for 15 min and cleaned with deionized (DI) water before the contact
angle measurement. The measured contact angles of a DCM droplet in water are 43o on a planar
silicon substrate (Figure 3.3(a)) and 44o on an MPS structure substrate (Figure 3.3(b)). Figure
3.3(c, d) compares wetting properties in planar SiO2-coated silicon and SiO2-coated MPS structure
membrane. SiO2 is generally hydrophilic due to the presence of silanol (Si-O-H) groups on the
surface of the SiO2 layer. As expected, it was observed that the contact angle of a DCM droplet
on a silicon substrate is smaller than the contact angle on the SiO2-coated silicon substrate. When
a DCM droplet is applied on a bare MPS structure membrane, it was observed that DCM could
pass through the membrane and start to form small droplets on the backside of the membrane.
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However, when a DCM droplet is applied on a SiO2-coated MPS structure membrane, DCM stayed
on the surface of the membrane without any sign of its penetration from the backside of the
membrane. The present device structure utilizes its wetting change through the PPy layer on the
pores of an MPS structure membrane to control DCM liquid flow. In the

Figure 3.3 Images and estimated contact angles of DCM droplets in a water environment on various
substrates. (a) on a planar silicon substrate. (b) on an MPS structure membrane. (c) on a planar SiO2 coated silicon substrate. (d) on a SiO2 -coated MPS structure.
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device fabrication to allow conformal PPy coating on the deep pores, the electrically conductive
SnO2 layer is implemented using a spray deposition method. Figure 3.3(e) shows a measured
contact angle of the SnO2-coated glass substrate. It shows relatively hydrophobic characteristics
in terms of water.
Dynamic wetting modulation on a planar PPy layer-coated substrate
PPy is a well-known material that can change its wetting properties under applying low
voltages. However, there is no prior report of using the PPy layer on an MPS structure. As a first
step to verify the surface wetting change of the PPy layer under different bias voltages, PPy was
deposited on a planar Au/Cr-deposited glass. For the preparation of PPy electropolymerization on
planar substrates, 1mm thick glass slides were used as starting substrates. 30 nm Cr layer followed
by 80 nm Au layer was thermally evaporated on a slide. PPy stock solution was distilled and stored
below -10 o C. PPy electropolymerization setup consisted of a 25 ml three-neck flask, platinum
counter electrode, and Ag/AgCl reference electrode. A target sample as a working electrode was
mounted and electrically connected on its Au surface using a custom-built stainless steel clip. 0.1M
Pyrrole and 0.1M sodium dodecylbenzene sulfonate (NaDBS) solution in deionized water were
used as a PPy electropolymerization solution. During the PPy deposition, nitrogen gas was
supplied within the three-neck flask. PPy electropolymerization was computer-controlled using a
Gamry 600 potentiostat/Galvanostat in a conventional three-electrode configuration. The
deposition was performed at the constant current level of 0.6 µA/cm2 within an ice-filled beaker.
Depending on the target thickness of the PPy layer, the deposition time was adjusted. To calibrate
the PPy deposition rate, planar Au/Cr-coated glass substrates were patterned with Microposit
S1805 photoresist (~500nm thick) using photolithography. Au conducting layer at the corner of
the substrate was exposed by removing the resist using acetone and connected to the potentiostat
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with an electrical clamp. The patterned area of the glass substrate was immersed in the
electropolymerization solution, and PPy deposition was performed. PPy film grows selectively on
the Au layer, where the photoresist is opened, as shown in Figure 3.4(a). Once the deposition is
complete, the resist is dissolved with ethanol before PPy film thickness measurement. The
thicknesses of deposited PPy films were measured using an optical profilometer (Wyko NT-2000).
Figure 3.4(b) shows an example of PPy thickness measurement.

For our configuration,

approximately 4.2 nm/min of deposition rate was obtained. Once PPy deposition was finished, the
sample was rinsed in DI water and soaked in DI water for 1 hour. After that, it was dried at room
temperature.

Figure 3.4 (a) PPy deposition on a photoresist-patterned Au/Cr-coated glass substrate. (b) An example of
PPy thickness measurement using an optical profilometer.
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Organic liquid (dichloromethane, DCM) was used to monitor electrowetting behavior.
Ringer’s solution was chosen as the electrolyte solution for this test, which contains sodium
chloride, potassium chloride, calcium chloride, and sodium bicarbonate in the concentrations of
animal body fluids. Figures 3.5(a) and (b) show a schematic description of PPy surface states and
experimentally observed shape change of a DCM droplet on a PPy-coated planar substrate in
oxidation and reduction conditions. The wetting mechanism of the DBS-doped PPy layer is
hypothetically explained via re-orientation and movement of the DBS molecules by applying
oxidation and reduction potential [51]. DBS molecule consists of a hydrophilic sulfonate head and
a hydrophobic dodecyl chain tail. As illustrated in Figure 3.5(a), by applying oxidation voltage on
the surface of the PPy layer, it is known that large DBS- ions are moved toward the interface of
the Au layer and PPy layer. The hydrophobic dodecyl chain tail groups of DBS molecules are
pushed out toward the surface of their contact layer, resulting in the hydrophobic surface. On the
other side, when reduction voltage was applied on the PPy surface, the

Figure 3.5 (a) Descriptive mechanism of wetting change of a PPy (DBS)-coated planar Au-substrate
through re-orientation of amphiphilic DBS molecules. (b) Demonstration of dynamic wetting change of a
DCM droplet on a PPy (DBS)-coated planar Au/Cr-deposited glass slide
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hydrophilic sulfonate head groups in the DBS molecules are reoriented at the PPy layer-electrolyte
interface, resulting in the hydrophilic surface. Similar to other reported results, we have observed
the wetting changes of the DCM droplet in our experiment, as shown in Figure 3.5(b), when
oxidation and reduction voltages are applied on the PPy-coated substrate.
Changing applied voltage between oxidation and reduction can again reverse the PPy surface
property for more than 20 cycles, resulting in the shape changes of the DCM droplet. (over the
course of hourly experiments for a week with transferring the sample in and out of the electrolyte
solution to perform measurements.
Fabrication of PPy-coated MPS structure membranes
MPS structure substrates with a pore diameter of 5µm, pore depth of 450 µm, and pore
pitch distance of 15 µm were purchased from SmartMembranes GmbH (Germany). The resistivity
of the silicon substrate is around 40 ohm-cm based on our four-point probe measurement. To open
the pores from the backside of MPS structure substrates and create membrane structures, the
backsides of MPS structure substrates are lapped and polished. Initial lapping of an MPS structure
substrate was done using 3 µm alumina particles until its pores were visible from the backside of
the MPS structure substrate. Final polishing of the membrane was performed using 0.1µm and
subsequently 0.05 µm alumina particles. Once the membrane structure was formed, a sequence of
thermal oxidation and hydrofluoric acid etching was optionally performed in the case of enlarging
pore diameter on the membrane structure. Thermal oxidation of the membrane substrate was
achieved in a wet oxygen environment at 1100 o C. The final membrane size is 8mm x 8mm, with
a thickness of 400 µm. The next step was to deposit a conformal SnO2 layer on the pore walls of
the membrane sample using the previously described pyrolysis deposition method. 30nm Cr layer
followed by 80nm Au layer was thermally deposited on top of the SnO2-coated membrane sample.
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The Au layer on the membrane was used to facilitate a good electrical connection to the working
electrode during PPy electropolymerization described in the previous section of PPy deposition.
Once PPy deposition was complete, the membrane was rinsed and stored in DI water for 12 hours
to remove any residue of polymerization solution before performing its operational
characterizations. Figure 3.6 shows scanning microscope images of processed macroporous
samples. Figures 3.6(a, b) show a SnO2-coated MPS structure sample. It was confirmed that the
SnO2 film layer was effectively coated on the deep Pore walls of macroporous membrane
structures. This layer served as a continuous

Figure 3.6 Scanning electron microscope images of a MPS structure sample with sequential processing
steps. (a, b) with SnO2 layer coating on the MPS structure. (c, d) with PPy-layer coating on a SnO2 coated MPS structure.
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electrically conductive layer on the deep pore walls during the electropolymerization of the PPy
layer, which allows deep coating of the PPy layer on the pore walls. Figures 3.6(c, d) show the top
view and cross-sectional view of a PPy-deposited macroporous sample.
Investigation of tunable wetting properties of PPY
In the first step before doing the wetting experiment, investigation of the surface, energy can give
useful data about reduction and oxidization (redox) reactions that happen in relatively low voltages
(lower than 1 V). Conjugated polymers can vary their mechanical and electrical properties when
experiencing a redox reaction, which means they can show contact angle changes by applying very
low oxidation voltage. The thickness of PPy(DBS) film was precisely controlled by adjusting the
amount of applied charge. For instance, a 1 C/cm2 surface charge produces a three μm thick
PPy(DBS) film. After the PPy(DBS) film was deposited on the Au/Cr coated Si wafer, the
substrate was rinsed with deionized (DI) water and dried.
Cyclic voltammetry (CV) was used in a three-electrode system in order to investigate the
electrochemical behaviors existing between liquid and substrate. As shown in Figure 3.7, the

Figure 3.7 CV plot for deposited PPY
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analysis of electrochemical reactions between PPy(DBS) and the electrolyte (50 mV/s) was
conducted by scanning from -1.0 V to 0.7 V in 0.1 M sodium nitrate (NaNO3) aqueous solution.
Furthermore, we studied all of the potential electrochemical reactions between PPy(DBS) and
DCM droplet by adding 0.01 M NaNO3, and also PPy(DBS) was scanned from -0.9 V to 0.6 V in
pure dichloromethane (DCM) [52].
Then, the thickness of PPY deposition for different applied voltage is measured using optical
profilometry in Figure 3.8. Moreover, the Deposition rate and surface roughness value for the
deposited layer was measured using an optical profilometry system, as shown in Figure 3.8(a, b).
As shown in Figure 3.8(a), for the constant deposition condition by applying a higher

Figure 3.8 (a)PPY deposition rate (b) amount of surface roughness depending on applied voltage (c,
d)The optical profilometry of deposited PPy for deposition voltage of 0.6 volt and 0.55 volt respectively
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voltage, the surface roughness will increase. Also, as shown in Figure 3.8(b), by increasing the
deposition voltage, the deposition rate will increase. Also, the applied deposition voltage is very
effective in the surface roughness of the final deposited PPY. The value of surface roughness
increases linearly by increasing voltage.
Results and Discussion
In this chapter, the unique PPy wetting change property at low bias voltages is applied to
the 3-D MPS membrane structure. To enable the proposed device operation, PPy should be
appropriately coated on the wall of pores in the membrane structure. With the help of a conformal
coating of electrically conductive SnO2 layers on the pore walls, the PPy layer was successfully
coated on the wall of pores in an MPS structure. Conceptually, the control of the

Figure 3.9 Characterization setup used to monitor the flow control of DCM liquid through a fabricated
membrane sample. A camera image of a DCM droplet on a fabricated membrane sample is also added in
a sub-Figure.
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DCM liquid flow is achieved through the PPy wetting changes within pores by applying oxidation
and reduction potentials. Figure 3.9 shows a characterization setup used to monitor the flow control
of DCM liquid through the fabricated membrane sample. To simplify the conceptual
demonstration, we do not use a drug-liquid reservoir. Instead, a large volume (~15 ml) of the
organic liquid droplet is placed on the top of the fabricated membrane structure, and its wettingcontrolled liquid flow is monitored from the bottom of the membrane.
For this experiment, a transparent glass container was prepared and filled with Ringer’s solution.
First, A PPy-coated MPS structure membrane was mounted on a custom-made Teflon cell, which
allows holding the membrane stably during the experiment. Then, the membrane sample with the
Teflon cell mount was immersed in the glass container. A camera was positioned horizontally to
the line of the membrane substrate. A camera image is also added in a subFigure. A small air
bubble is trapped and stayed on top of the DCM droplet during the experiment, which needs further
investigation of the original air bubble. The electrical potential was applied using a Keithley 2400
source measurement unit (SMU) with a two-electrode configuration, which is convenient for
practical applications instead of typical three-electrode configurations. The PPy layer on top of the
membrane structure was used as a working electrode, and a stainless steel probe submerged in the
solution was used as a counter electrode. Micromanipulators were used to precisely position the
working and counter electrodes. DCM flow control was recorded through the camera connected
to a computer. At the beginning of experiments, a reduction voltage of -1.4V is applied to the
working electrode to ensure hydrophilic PPy surface wetting condition, which confines DCM
liquid on the top of the membrane surface. To demonstrate the controlled flow of DCM liquid
through the membrane structure, a DCM drop was first placed on the membrane. Since the density
of DCM is higher than water, it sinks in an aqueous solution and stays on the top of the membrane.
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Depending on the balance between the gravitational force of the DCM droplet and the surface
wetting condition of the macropore membrane structure, the flow of DCM is established. Figure
3.10 shows two cycles of open/close valve operation on a PPy-coated MPS structure submerged
in Ringer’s solution using a DCM liquid droplet (see the supplemental video). +

Figure 3.10 Two cycles of open/close valve operation on the proposed interface with a PPy-coated MPS
structure membrane sample. (a) Some representative images at different time frames are shown in the
sub-Figures. (b) Estimated liquid pixel volume passing through

Based on the frame images of a recorded video, volumes of the DCM liquid passing the membrane
were calculated using ImageJ-NIH software. 2-D liquid drop contour from each frame image is
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used as a basis, assuming that the liquid drop is rotational symmetric in its falling direction. Some
representative images at different time frames are shown in the insets of Figure 3.10. The PPy
layer on the membrane structure can change its wetting property by applying reduction/oxidation
voltage. While applying the oxidation voltage of 0.1V on the working electrode, DCM liquid on
top of PPy-coated macroporous membrane structure experiences a hydrophobic surface wetting
condition and starts to pass through pores of the membrane structure. By applying a reduction
voltage of -1.4V on the PPy layer of the membrane, the surface wetting property of the pores
changes to be hydrophilic, which keeps the DCM liquid on top of the membrane and does not let
DCM liquid pass through pores.
By changing applied voltages between reduction/oxidation conditions, it was observed that
the flow of DCM liquid could be controlled through the implemented macroporous membrane
structure. Dynamic flow control of DCM liquid through the membrane was continued for two
hours with alternating the applied potentials between oxidation and reduction voltages. DCM
liquid was added on top of the membrane using a small syringe from time to time during the
experiment. We did not observe any significant changes in the valve operation characteristics for
the repeated cyclic changes of oxidation and reduction voltages.
Conclusions
It is well known that neural cells use chemicals to transfer complex information between
them [53]. Chemical-based neuroprostheses have been implemented to bypass damaged functions
in the nervous systems and create artificial neural interfaces to maintain neurotransmission [54].
Research groups demonstrated its potential to mimic the physiological action of natural neural
information processes. For example, localized chemical stimulation within a single cell level was
demonstrated using apertures created in silicon nitride on a silicon substrate [19, 29]. A flexible
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microdevice was used to selectively deliver neurotransmitter pulses through an aperture in a
polymer membrane [20]. Four individually addressable microtubes were demonstrated to
potentially deliver neurotransmitters with controlled temporal and spatial patterns [55].
Nanopipette employed in a microscope setting was used to dispense neurotransmitters with precise
position and controlled delivery for chemical-based neuronal activity modulation [25].

A

microfluidic device chip with eight fluidic ports was used to stimulate multi-sites of retinal cells
with patterned neurotransmitter releases [23, 24].
Although those demonstrations show a new prospect that mimics chemical signaling
between cells, the current demonstrations have scalability challenges with limited fluidic channels
when they are applied to a large number of cell arrays. In a typical stimulation implementation,
microfluidic channels are formed in a 2-D plane based on planar microfabrication procedures. This
creates intrinsic complications of increasing the number of channels. Although some of them use
3-D structures, their configurations are still not suitable for high-resolution stimulation.
We demonstrated the dynamic flow control of organic liquid through a PPy-coated MPS
structure membrane structure. When the oxidative potential is applied to the PPy layer of the
device, the surface wetting property of PPy allows organic liquid to flow through the membrane
by breaking the balance of gravitational and surface forces. By applying reduction voltage, organic
liquid immediately stops passing through pores. Cyclic flow control of organic liquid was
successfully demonstrated with relatively low-operation voltages. This confirms the feasibility of
designing a fluidic interface using a 3-D MPS structure membrane and electrowetting control to
eject organic drug solutions. While the demonstration is observed from a macroscale using a single
electrode, we expect that the preliminary results allow designing multiple electrodes for large
arrayed chemical ejection. Figure 3.11 illustrates the ideal structure of this kind of suggested
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system. Based on the silicon material platform, conventional microfabrication steps can be easily
applied to more complex electrode configurations. Furthermore, the implemented MPS structure
can be configured to have photovoltaic functions [16]. Considering that the demonstrated structure
can be operated with a low operation voltage, we envision that our proposed structure will allow
optically induced potential with the proposed concept to create optically addressable fluidic control
in highly arrayed microfluidic device configurations. This expects to remove physical electrode
patterning and will have diverse applications in chemical stimulation and drug delivery systems.

Figure 3.11Illustration of ideal neurotransmitter delivery using wetting characteristics of PPY inside the
pores of MPS structure
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Chapter 4 Hydrogel embedded MPS structure membrane for photothermal-induced flow
control

Introduction
Hydrogels are 3-D hydrophilic cross-linked polymer networks, able to absorb large amounts of
water within their polymer chains, simultaneously leading to matrix expansion without dissolution
in water. Hydrogels were applied in medical applications around 60 years ago [112], and
nowadays, they have various applications in biotechnology, specifically drug delivery [113-116]
and sensing [117]. Hydrogels with environmental stimuli are attracting a lot of attention as they
can show cyclic reversible changes in their structure using external stimuli, such as light[118, 119],
temperature[120], pH[121], ultrasound [122], and electric field [123]. External stimuli are usually
not aggressive approaches. When using external stimuli, fine-tuning of the amount of chemical
release and the location of chemical release can be adjusted by illumination time and power which
is an essential benefit over other drug delivery systems [118, 119]. Recently suggested hydrogel
systems with different light stimuli require high power UV or visible light illumination, which is
not feasible for applications in biomedical engineering [124-126]. There is a minimal ready
prototype to be used in live cells for stimulated drug release control.
Among different hydrogels, poly-N-isopropyl acrylamide (p-NiPAAm) has attracted much
attention because it has a reversible phase change transition depending on temperature, which is
close to live body temperature. Figure 4.1 shows the main molecules of p-NiPAAm and the
molecular view of polymer structure after curing under UV light. Because of existing highly
electronegative molecules (i.e., N, O, F and Cl), intramolecular forces dominated between atoms
are very strong. When p-NiPAAm is dissolved in water, three different types of molecular
interactions between water, NiPAAm, and water-NiPAAm molecules exist. At low temperatures,
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the hydrophilic groups are making a hydrogen bonding, and the hydrogel is solvated by water
molecules. This makes p-NiPAAm hydrogel homogeneous with water [141].

Figure 4.1 Synthesis of p-NiPAAm through free radical polymerization of NiPAAm, and N, N-methylene
bisacrylamide (BIS)

On the other side when the temperature increases, the hydrogen bonds between water and hydrogel
are weakened, and at the specific point, the hydrogen bonding is replaced with the interaction
between polar molecules like C=C and N-H. This phenomenon is shown in Figure 4.2. This
temperature is named Lower Critical Solution Temperature (LCST), which happens at 32ºC. When
P-NiPAAm passes the LCST of 32°C, it shows a sharp phase change which can be demonstrated
by different physical or chemical properties of hydrogel like color, opaqueness, volume, or wetting
property. For example, when the temperature of the p-NiPAAm hydrogel passes LCST, the
internal structure of the hydrogel loses the water-hydrogel hydrogen bonding, and pushes out the
water molecules, and becomes hydrophobic; The hydrogel has changed the structure and no longer
is transparent, and the color changes. Accordingly, by pushing out the water molecules stored
within the hydrogel body, the hydrogel becomes deswelled [129-131], relating LCST to change of
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the volume in the p-NiPAAm hydrogel, which is defined as Volume Phase Transition Temperature
(VPTT)[127, 128].

Figure 4.2 representation of p-NiPAAm hydrogel molecular structure at (a) below 32ºC and (b) higher
than 32ºC. [141]

The condition of storing the water molecules and pushing out the stored water can be assumed to
mimic the mechanism of releasing water from a wet sponge. Figure 4.3 demonstrates the schematic
model of how pushing liquid out from a sponge is similar to releasing chemicals from between
chains of hydrogel structure when it is contracted under pressure.
The aim of this chapter is to demonstrate the feasibility of light-actuated localized release
of chemicals on a 2-D array of micropores on an MPS structure filled with p-NiPAAm hydrogel
columns. The photothermal stimulus of chemicals from separated hydrogel columns in micropores
has been employed. Initially, when the demonstrated structure was stimulated by
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Figure 4.3.Demonstration model of chemical release mechanism from a sponge when it is contracted

light, it was shown that the proposed structure allows to optically addressable stimulated response
in highly arrayed microfluidic device configurations. Then feasibility of optically controlled
chemical release is demonstrated. As an application, current retinal implants are based on
Functional Electrical Stimulation (FES), which has resolution limitations because of the natural
properties of electrical current, and they don’t have selectivity for stimulating cells, as discussed
in chapter one. Nevertheless, in our proposed light-actuated chemical release system, natural
synaptic reactions in the neural cells generate electrical signals. This approach also could mitigate
the resolution limitations by ten times which can be compared to the vision of a healthy eye. This
can lead to a new generation of retinal prostheses based on chemical stimulation. Furthermore, the
implemented MPS can be configured to have a photovoltaic function which can increase
stimulation if multi-stimulus hydrogels are used in the structure.
Design of the microfluidic control device
In this work, we fabricated a light actuated chemical release device through pores of a
Macroporous Silicon structure (MPS). Here, by embedding graphene mixed temperature-sensitive
hydrogel within the pores, the light-actuated chemical release was demonstrated. Figure 4.4 (a)
shows a schematic of our designed device with a periodic pixel-like array of graphene-hydrogel
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columns embedded in the pores of an MPS membrane. Figure 4.4 (b) shows a scanning electron
microscope image of a macroporous silicon membrane structure. The silicon membrane structure
creates an interface between the top release and bottom chemical reservoirs through its arrayed
pore channels. The main operational element of the designed interface is a temperature-sensitive
hydrogel. To implement remote temperature actuation using light, commercially available
graphene nanoplatelets are used. Graphene nanoplatelets have been demonstrated as effective
media for converting light energy into heat. By dispersing graphene nanoplatelets in p-NiPAAm
hydrogel and embedding the hydrogel composite within the pores of the membrane structure, the
designed interface structure can control chemical diffusion rate from the bottom reservoir to the
top releasing layer remotely by photothermal actuation. When the light-induced temperature goes
higher than VPTT, hydrogel inside the pore contracts, it pushes out the chemical solution stored
within hydrogel chains. Conversely, when the temperature falls below the VPTT again, hydrogel
columns swell and effectively limit the chemical release. This reversible actuation allows changing
the chemical release rate through the designed structure. In addition to the locally controlled
release through physically separated pores, the small volume

Figure 4.4(a) A schematic structure of a porous membrane device with G/p-NiPAAm hydrogel composite
and top release layer (b) Cross-sectional view from Scanning Electron Microscopy image of a
macroporous silicon membrane.
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of hydrogel confined within the pore shows rapid actuation compared to other large-sized
hydrogels that have several minutes of slow response time.
Fabrication
4.3.1 MPS structure membrane preparation
An MPS structure with 475 µm thick one-side opened pore was purchased from Smart Membranes,
Germany. The samples were backside lapped using a lapping machine (Buehler Minimet) until
pores are open. Initially, using white wax on the front side of the sample, the MPS structure
membrane was mounted on a lapping mount. The sample was lapped using a 1 um size alumina
powders slurry solution until pores emerged from the bottom of the MPS structure. Then the backside was polished using slurry with 0.25 µm and 100 nm alumina powders respectively to obtain
a flat polished surface. After polishing, the sample was detached from the lapping mount at 100
C and cleaned with Opticlear solvent at 80 C. To clean all possible contamination, 1-hour thermal
oxidation was performed at 1100 °C following by the oxide removal process by (BOE). The
sample went through additional thermal oxidation for 30 minutes to make a hydrophilic wall inside
the pores. The resulting MPS structure membrane has a 500 nm thick SiO2 layer along the pore
walls. The quality of the pore cleanness was checked by observing optical transmission through
the pores in a microscope.
4.3.2 Bulk p-NiPAAm hydrogel preparation
For obtaining about 1 ml thermo-responsive NiPAAm hydrogel solution, 0.2gr of NiPAAm
monomer and 0.01gr of BIS crosslinker and 10 µL Darcour were dissolved in 1 mL Dimethyl
sulfoxide (DMSO). The NiPAAm hydrogel solution was cured in the Teflon mold with 1mm
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thickness under 365nm UV illumination for 2 minutes. The polymerized hydrogel was soaked in
the deionized (DI) water for one day to replace DMSO with water.
4.3.3 Bulk graphene-p-NiPAAm hydrogel preparation
Graphene nanoplatelets aggregate was purchased from Alfa Aesar. It is important to disperse
graphene nanoplatelets uniformly in DMSO-based NiPAAm hydrogel solution in order to obtain
a reliable photothermal effect via graphene nanoplatelets embedded in the p-NiPAAm hydrogel.
For having 10 ml of 0.0025% thermo-responsive graphene-p-NiPAAm hydrogel, 2gr of NiPAAm
monomer, 0.1gr of BIS crosslinker, and 200 µL Darcour were dissolved in 10 mL DMSO. Then,
2 mg of graphene nanoplatelets was added to the solution and was mixed for the 30s using a vortex.
To obtain uniformly dispersed graphene nanoplatelets in solution, 12 hours of sonication were
applied. Graphene dispersed p-NiPAAm hydrogel is called G/p-NiPAAm hydrogel in this
manuscript for later reference. Since the G/p-NiPAAm solution is darker and it is more difficult to
cure the hydrogel solution, 2-folds more Darcour was used as UV initiator, and curing time was
doubled to 4 minutes to have optimal curing for Bulk G/p-NiPAAm hydrogel.
4.3.4 G/p-NiPAAm hydrogel in the MPS structure membrane
Before filling pores with G/p-NiPAAm hydrogel solution, the silicon membrane sample was
treated with a 3:1 mixture of concentrated sulfuric acid (H2SO4) with hydrogen peroxide (H2O2)
for 10 min to increase hydrophilicity on the surface of the pore walls. After rinsing with DI water,
the sample was dried on a 100°C hot plate for 10 minutes. The sample was mounted in the
experimental cell shown in Figure 4.8(b), and a 200 µL drop of the mixed solution was placed on
the backside of the sample from behind the mounting cell. Then, 10 seconds of ON/OFF sonication
was performed on the cell with the sample. After the solution filled the pores, it was cured under
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the 365 nm UV light for polymerization. After curing hydrogel inside the pores, the glass cover
on the backside of the cell was added using four screws. Then DI water was flushed on the sample
for a few hours to replace DMSO with water in the cured hydrogel.
4.3.5 Fluorescent molecules embedded inside the G/p-NiPAAm hydrogel
The fluorescent solution bath is needed to saturate the fabricated hydrogel with a fluorescent
molecule. The final sample, together with embedded hydrogel, was soaked in a 0.2 % fluorescein
dye solution in DI water overnight. During all the fluorescence imaging experiments, there was
direct contact between the hydrogel in the bottom of the MPS and a fluorescent solution reservoir
under the MPS structure. In order to diffuse fluorescent molecules inside the hydrogel columns,
the sample is mounted in the custom-made microfluidic setup as shown in Figure 4.8(c), which
maintained the hydrogel in continuous contact with a source of the fluorescent reservoir during the
experiments shown in Figure 4.8.
Result and discussion
4.4.1 Thermo-responsive characteristics of p-NiPAAm hydrogel
The quality of the pore cleanness was checked by observing optical transmission through the pores
in a microscope. Pure p-NiPAAm hydrogel solution was mixed with 100 µL of 0.1 % Sudan II for
better imaging, and the colored hydrogel solution was polymerized in a predefined Teflon mold
and soaked in water to replace DMSO within hydrogel structure with water. The hydrogel was
placed in a beaker with water and mounted on the experimental setup with a schematic shown in
Figure 4.5(a). The camera recorded gradual changes of bulk p-NiPAAm hydrogel immersed in
water as the temperature of the hot plate was slowly increasing from 22°C to 47 °C in two cycles.
Figure 4.5(b) shows the consecutive images at 22°C, 35°C, and 47°C. To facilitate the
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measurement, grid lines of 2mm separation are positioned behind the hydrogel. During one cycle,
the size of the hydrogel and the change of the transmission through the hydrogel were measured
from consecutive images. The images were converted to grayscale, then the gray value of the
images with reference to black lines on the surface was measured while the temperature passed the
LCST point and the black pixels at 22°C starts to replace with white

Figure 4.5 (a)The schematic of the experimental setup for measurement of volume and transparency of
the hydrogel (b) Consecutive images of the hydrogel to demonstrate volume and transparency at 22 ºC,
35 ºC, and 47 ºC, respectively. (The scale bar shows the actual length equal to 1cm) (c) The transmission
of the hydrogel during cyclic temperature change. (d) The volume change of the hydrogel during the
cyclic temperature change.
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pixels of opaque hydrogel surface at 47°C. The thermo-optical characteristic of the p-NiPAAm
hydrogel plotted for the cyclic temperature change was calculated by measuring the grayscale
value of the pixels of the reference, and the normalized plot is shown in Figure 4.5(c). When the
hydrogel was below LCST, it was transparent, and the black line is showing a very low gray value
in the scale between zero to 255. On the other side when the temperature surpassed the LCST, the
hydrogel became white, and the gray value becomes higher and closer to 255.
In the same experiment, while passing the LCST of the hydrogel, the volume also changed,
and the VPTT of the p-NiPAAm was investigated. When p-NiPAAm hydrogel is heated, besides
the opaqueness change at LCST, it experiences a volume change at the VPTT point, which is about
2°C above LCST. When the hydrogel passed the VTPP, the transparency was already changed
from clear to opaque, and in addition, the volume of hydrogel decreased by 16%. Initially, at 22°C,
the volume was maximum, and hydrogel was transparent. However, at 35°C, as the hydrogel
structure became hydrophobic, several small water droplets appeared on the surface of hydrogel
before it completely converted to opaque. This continued gradually until the volume decreased to
the minimum, at 47°C, and hydrogel was opaque. The size of hydrogel versus temperature was
measured, and the normalized result was calculated and plotted in Figure 4.5(d). As can be seen in
the Figure, since the volume change and droplets started to emerge a little after LCST, this
confirms the VTPP point is higher than the LCST point at around 32°C for the p-NiPAAm
hydrogel, as shown in the Figure.
4.4.2 Photothermal response of a bulk G/p-NiPAAm hydrogel
To investigate the effect of graphene concentration on the absorption characteristic of G/pNiPAAm hydrogel, the transmission data for G/p-NiPAAm hydrogel solution was measured in an
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experimental setup demonstrated in Figure 4.6. Then the absorption coefficient per centimeter was
calculated from transmission data by 𝐼 = 𝐼𝑜 exp (−𝛼𝑙) which for 𝑙 = 1 𝑐𝑚 gives
𝛼 = − ln 𝐼0 . The images of G/p-NiPAAm hydrogel solutions with different graphene
concentrations and the resulting absorption data from the transmission experiment show a roughly
flat absorption curve in the 400 nm – 950 nm range are shown in Figures 4.7(a) and 4.7(b).

Figure 4.6 the schematic of the experiment for transmission measurement

The hydrogel solutions were cured under 365 nm UV illumination, and after replacing with water,
the hydrogel was illuminated with 98mW of NIR laser. An FLIR i7 compact infrared (IR) thermal
imaging camera (FLIR system, USA) was used to measure the temperature at the illumination
spot. The temperature change of hydrogel as a function of illumination time on bulk p-NiPAAm
hydrogels is presented in Figure 4.7(c). The pure p-NiPAAm hydrogel showed no temperature
change due to the photothermal effect. For other bulk G/p-NiPAAm hydrogels, the temperature
increased at the illumination spot with increased illumination time. The temperature increase was
faster in G/p-NiPAAm hydrogels with a higher concentration of graphene, which suggests more
absorption of NIR light by graphene compared with the pure p-NiPAAm hydrogel.
Figure 4.7(d) shows the photothermal response of 0.0025% w/v G/p-NiPAAm hydrogel as a
function of time with different NIR power densities. The results show that by increasing the
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illumination power, temperature increase happens faster. The illumination power of NIR light can
convert to heat, and the temperature of the hydrogel can increase by this heat energy. The amount

Figure 4.7(a) The image of the bulk pure p-NiPAAm hydrogel and the G/p-NiPAAm hydrogels with
0.0025% and 0.005% graphene concentration (b) Spectral response of the G/p-NiPAAm solution with
different Graphene concentrations. (c) Photothermal response of the bulk G/p-NiPAAm hydrogels with
different graphene concentrations. (d) Photothermal response of 0.0025% bulk G/p-NiPAAm hydrogels
with different illumination powers.

of temperature increase can be calculated from the equation: 𝑄 = 𝑚. 𝐶. ∆𝜃 which 𝜃 shows the
amount of temperature increase. C represents the specific heat capacity of hydrogel, and m is the
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mass of the material in which temperature is increased. Since the hydrogels have more than 90%
water in their structure, the specific heat capacity for hydrogel can be estimated to be equal with
the heat capacity of water as 4200 J/kg.C.
4.4.3 Photothermal response of G/p-NiPAAm hydrogel columns in an MPS structure membrane
To measure the photothermal response of G/p-NiPAAm hydrogel columns in macroporous
structure, a custom-built microscope to investigate the effect of NIR light illumination on the MPS
structure filled with G/p-NiPAAm hydrogel was used with a schematic shown in Figure 4.8(a).
This Figure demonstrates a set of 2 different experiments to see the effect of stimulation of
hydrogel using collimated NIR light. In one set of the experiment, the brightness of the pores was
investigated; the sample was illuminated with a white lamp, and the transmission of light through
pores was measured in the NIR illuminated area. In another set of experiments, UV light was
applied for fluorescence imaging, and the increase of fluorescence was measured in the NIR
illuminated area. There is a UV illumination on the surface of the macroporous sample stabilized
in a constant power to see the fluorescence illumination. An 815 nm NIR laser beam was
collimated using a convex lens and coupled into a microscope to focus on a 77 µm diameter spot
size. The fabricated device using an MPS structure membrane structure was aligned and attached
with a microfluidic channel which could pass the water over the sample surface in a custom-built
mounting cell. The schematic of the 3-D printed experimental mounting cell is shown in Figure
4(b), and the image of the actual experimental cell, which was described in Figure 4(b) with a
mounted membrane sample for the measurement, is shown in Figure 4.8(c). The experimental
mounting cell was designed to have a controlled flush rate on the surface area of the membrane
sample. There is another channel to flow the fluorescent solution underneath the MPS structure.
UV and NIR dichroic filters were used to reflect and control the light rays with specific
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wavelengths. The flush rate should be adjusted carefully to the minimum flush rate possible in
order to keep track of released fluorescent liquid. Higher fluorescent green light intensity in the
NIR illuminated area is expected when the fluorescent chemical is released on the surface.

Figure 4.8 (a) Schematic configuration of the custom-built microscope setup. (b) Schematic design of 3D
printed experimental mounting cell. (c) Image of the actual experimental cell with a membrane sample
mounted for the measurement.

Figure 4.9(a) shows a schematic of our designed system with a periodic pixel-like 2-D array of
vertical hydrogel columns arranged in the pores of an MPS membrane. Graphene nanoplatelets are
dispersed uniformly in NiPAAm hydrogel solution and can convert the light energy to heat
according to its spectral absorption characteristics. The resulting hydrogel has a thermosensitive
characteristic that can exhibit reversible phase change when it is passing VPTT; hydrogel contracts
and pushes out the water stored within its structure. Each pore is filled with hydrogel, which can
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separately respond to heat when the temperature passes the VPTT point. Each time temperature
goes higher than VPTT, the hydrogel inside the pore contracts like a sponge when illuminated by
light, and it pushes out the chemical stored between hydrogel chains in the adjacent area, as shown
in Figure 4.9(b). Conversely, when the temperature falls below the VPTT again, hydrogel columns
absorb liquid from the contiguous environment and swell again as their initial condition.

Figure 4.9 (a) Schematic diagram of hydrogel diffused with a fluorescent solution in an MPS structure
membrane without light actuation and VPTT. (b) Schematic diagram of Operation of NIR light actuated
MPS structure with Graphene/hydrogel membrane diffused under NIR illumination (The green color
particles are fluorescent solution released from pores)

Fluorescence microscopy was used for the detection of chemical release through the micropores
of the MPS structure. The MPS membrane was mounted and investigated under a custom-built
microscope setup (Figure 4.8(b)) to track the release of fluorescent molecules. The hydrogel in the
bottom of the sample was in continuous contact with a bottom reservoir to keep the hydrogel
saturated with fluorescent solution. Around the top and bottom of the membrane sample, two
layers of 500 µm soft PDMS sealed the inspected area on top of the hydrogel columns and
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prevented fluorescent solution leakage from the bottom reservoir to the top surface. UV light with
constant intensity illuminated the surface of the sample to produce fluorescent light.

Figure 4.10 The comparison images of the resul ts for the two experimentsare demonstrated in Figure
4(a). Photothermal response of the fabricated MPS membrane for white light modulation using NIR. (a)
The image of bright pores without NIR illumination. (b) The image of the pores while illuminated by NIR
light. (c,d) Photothermal response under fluorescent imaging for the fabricated MPS membrane for
chemical release. (c) The image of the green spots under UV illumination after adjusting the flush rate to
2ml/m without NIR illumination. (d) Demonstration of chemical release by increased fluorescent
brightness in the NIR illuminated area.

Without water flush on the surface, the fluorescent light continued to increase from the
surface of the sample and was attributed to the natural diffusion of fluorescent molecules from the
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hydrogel columns. When the flush rate was slow, everywhere on the surface had green color
illumination. When the flush rate was fast, the camera did not detect any fluorescence, and the
surface pores appeared dark. In addition, when the water flush on the surface was stopped, the
diffused fluorescent dye remained on the surface until the fluorescent brightness saturated the
image. The optimum condition, shown in Figure 4.10 (c), found that when the flush rate was
adjusted to 2ml/min, the camera could detect only a 2-D array of green spots from the pore
openings on the surface while the area around the pores was dark. This kept the intensity of the
fluorescent light constant and prevented the saturation of the surface with fluorescent light. The
hydrogel response to temperature change was visually recorded by showing the effect of heating
the hydrogel using collimated NIR light on the membrane. Depending on the relative location of
the illuminated NIR-light to the lighting spot, ON and OFF chemical delivery from apertures was
recorded by the camera. The images showed higher green light intensity in the NIR illuminated
area when the fluorescent chemical was released onto the surface (Figure 4.10(d)).
Without NIR light illumination, the apertures have a constant minimal illumination of
fluorescence that is because of the natural diffusion of the fluorescent chemical through hydrogel
columns. Upon applying the NIR light to the top surface of the MPS, the temperature of the pores
proximal to the illuminated area increased, and the release of the fluorescent solution was observed
in the pores closest to the illuminated location. The chemical release was detected by an increase
of fluorescent light intensity on the NIR-light illumination area. The results demonstrate that while
pores more distant from the illuminated area have no excitation change, the chemical release was
localized to the illuminated area. This suggests that the light-actuated chemical release can be
implemented using the current hydrogel-embedded MPS structure.
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We used an 815 nm fiber-coupled NIR light source to illuminate the surface of the sample.
The real-time images of photothermal response were captured using a camera on the top side of
the membrane sample. Visible light was illuminated to the bottom of the MPS membrane filled
with G/p-NiPAAm hydrogel, and the real-time image of transmitted visible light at the illuminated
spot of 815 nm NIR light was captured. Figure 4.10(a), 4.10(b) show the transmission images of
visible light through the hydrogel columns in the MPS membrane. A temperature increases over
LCST on the illuminated pores caused the transparent hydrogel columns to become opaque and
blocked the light passing through the pores, leaving some dark pores in that location.
Typically, p-NiPAAm hydrogels have a slow response time [132]. Hence when the hydrogel is
synthesized in a small volume, its response can be used for faster actuation, and sensing purposes
since the smaller hydrogels with smaller amounts of stored water inside their structure respond
faster because of having a shorter diffusion path [133], and they can be used as storage for chemical
reactions that are responsive to very small volumes of stimulator.
In our demonstrated structure, the hydrogel columns are used as a separated input port to release
very small amounts of the fluorescent chemical. Graphene nanoplatelets are embedded in pNiPAAm hydrogel micro-columns. At the temperature below VPTT, the hydrogel is swollen, and
the hydrophilic Nano-porous structure of the hydrogel keeps the fluorescent solution. When
hydrogel was illuminated with an external NIR light, the heat generated by graphene produced
heat, and the heat stimulated the hydrogel, and upon contraction of hydrogel, the stored liquid
inside the hydrogel was expelled out. The liquid release stopped when illumination was off, and
the temperature decreased to lower than VPTT. Upon reducing the temperature, the molecular
structure became hydrophilic, and volume increased back to the enlarged condition filled with
liquid.
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We also investigated the effect of different variables in our light actuated fluorescent
solution release by measuring the total amount of brightness as it appeared in the recorded videos.
One set of experiments involved the NIR laser with different power values tuned to have a series
of several ON-OFF cycles (one second ON and two second OFF). The illuminated NIR power was
changed between 18.2 mW/mm2, 36.4 mW/mm2, and 54.6 mW/mm2, and the videos of the
fluorescent solution was being recorded for each power level; in the stimulated area, the video
frames were converted to grayscale, and the gray values for all the pixels were calculated from the
recorded frames. Figure 4.11(a) shows the consecutive measured gray value data in the stimulated
area, representing the instant release of fluorescent molecules by a series of mentioned cyclic NIR
actuation pulses. Increasing the NIR laser power from 18.2 mW/mm2 to 54.6 mW/mm2
demonstrated more heat generation on the hydrogel, which resulted in more contraction of G/pNiPAAm hydrogel. When the hydrogel contracted more, a greater amount of fluorescein chemicals
was released from the columns, and this increased with the surface brightness intensity with higher
power density. However, applying the highest power (54.6 mW/mm2) with the designated pulse
frequency resulted in illuminating and heating the surface of the hydrogel; the data suggest
assuming that the temperature did not cool completely before another light pulse started to heat.
Since the surface of the hydrogel remained heated, it remained contracted. Therefore, after the first
high-power illumination, a small volume under the hydrogel surface remained contracted, which
resulted in a decrease in the amount of chemical release and a degree of stability at a lower
temperature value before the next illumination pulses. Figure 4.11(b) compares the amount of
brightness for different pulse rates. For the same illumination power of 36.4 mW/mm2, when the
pulse rate had a shorter OFF time (green), the hydrogel did not have enough time to cool down to
the initial temperature, so it remained partially contracted. Therefore, the amount of release per
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cycle decreased, as seen in the brown line with the pulse rate of 1s on and 1s off, compared to the
green line with 1s on and 3s off.
The suggested technological prototype of this experimental approach provides a new method for
chemical-based neural stimulation with high resolution. It is worth noting that the data presented
in this chapter are from the measurements performed under minimum illumination power of 36.4
mW/mm2 after analyzing the videos. After analyzing the videos, it was found that even with
9.1mW/mm2 actuation power, the hydrogel is responding with a faster response. However, the
brightness change is not visible to the naked eye during the process of the experiment. Therefore,
the comparison results we present here are with higher power values.

Figure 4.11 (a) The brightness value of the recorded frames represented by the fluorescent signal
intensity at illuminated area vs. time for different illuminatedpower values with on-off cycles of 1s on 2s
off. (b)The brightness value of the recorded frames vs. time for illuminated power of 36.4 mW/mm2 and
different illumination pulse rates.

Conclusion
This chapter discusses the dynamic flow control of fluorescent molecule release through a
hydrogel embedded in an MPS membrane. The experiment demonstrated the photothermal
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property of 0.0025% graphene-mixed hydrogel under NIR light illumination. The NIR light with
a wavelength of 815 nm with a power density of 31.85 mW/mm2 was employed to evaluate the
photothermal effect on the embedded G/p-NiPAAm-hydrogel and on the resulting release of the
fluorescent chemical. Cyclic release control of fluorescent solution was successfully demonstrated
with optical stimulation.
This result confirms the feasibility of designing a fluidic interface using a 3-D MPS structure
membrane and optical control to release fluorescent solutions. While the demonstration shows the
actuation results for multiple pores at the same time, the preliminary results show the feasibility
of the design of single pore actuation for large arrayed chemical release by decreasing collimated
spots using more lenses. Since the approach is based on a silicon material platform, conventional
microfabrication steps can be applied to create complex electrode configurations, which make
simultaneous measurements of electrical signals generated by neural cells.
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Chapter 5 Conclusions and Future work

This dissertation presented two different approaches for chemical release in MPS structure. The
MPS structure has the advantage of having arrays of 2-D pores, like pixels of a high-resolution
image which can be applied for 2-D addressable chemical delivery in biological systems. Initially,
low-voltage flow control through pores of the MPS structure was achieved by adding a controllable
wetting layer on the MPS structure. In this method, a layer of PPy polymer that can change its
wetting property under the application of 0.7 V was deposited by electrochemical synthesis along
the pore walls. This layer applies the surface tension forces to the droplet and controls the flow
through pores of the MPS structure. In the second approach, the release mechanism was performed
using p-NiPAAm hydrogel, which shows volume change when the temperature passes 32°C. In
this approach, graphene nanoplatelets were implemented in the hydrogel to benefit the energy
conversion of light to heat, and as a result, NIR actuated release through hydrogel columns was
demonstrated on the MPS structure. Temperature-sensitive G/p-NiPAAm hydrogel was embedded
within pores of an MPS structure as vertical hydrogel columns, and light-induced temperature
increase of G/p-NiPAAm hydrogel was controlled by NIR light remotely to stimulate hydrogel for
chemical release from pores.
The experimental results demonstrate the possibility of local fluorescent chemical release
at the illuminated area in the recorded videos. Considering a 2-D array of ports on the surface of
MPS structure and light addressable actuation, this has the potential to be executed in novel neural
stimulation systems with high spatial resolution. The investigation of hydrogel properties and its
feasibility to be applied for chemical delivery resulted in 4 different published papers. Finally, the
light-actuated chemical release on the MPS structure was investigated, and a few more papers are
in progress.
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Previous chemical-based neural stimulation platforms are very bulky and do not have more than
nine stimulation ports with a minimum of 150 um aperture size. The designed platform in this
research has two advantages in comparison to other suggested platforms for chemical stimulation.
The main advantage is that the number of stimulating spots in the MPS structure is much higher
than in previous platforms. Also, the suggested approach in the MPS structure has a light actuated
mechanism, which is a big advantage over previous designs that were based on mechanical
pumping.
Future works
This research developed a new platform for light-actuated chemical release. There are several
directions that can be useful for future research. The PPY-based approach used surface wetting
forces to control flow. This approach demonstrated an MPS structure by electrodepositing a thin
layer of PPY inside the pores of the MPS structure. The liquid valve actuation was performed
without any surface patterns, and lithography steps and measurements were on the whole pores of
the surface together. The actuation voltage in this approach can be merged with the photovoltaic
property of the silicon structure and can be reduced to less than one volt. This will result in another
kind of light controllable flow control platform in the silicon-based structures. Also, by adding the
patterns of electrodes, local control of flow through the pores can be achieved. Nowadays, digital
microfluidics is very common in point-of-care devices and immunoassays. Digital microfluidics
is a microfluidic handling technique to control a small number of droplets on top of 2-D open
surfaces. Since we have shown the flow control from the top reservoir to the bottom of the porous
structure, it is feasible to show dragging the small amount of flow from the bottom to the top of
the porous structure. This will open a new level of digital microfluidic systems and can expand all
the works currently done in digital microfluidics systems.
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The second approach developed in this research which was based on hydrogel covered in chapter
4, needs to be investigated to measure the accurate released value depending on different
illuminated power values. Also, due to natural diffusion in the hydrogel structure, there is always
some amount of the chemical that was released continuously. Specific detailed experiments need
to be done to accurately measure the released chemical during different experimental conditions.
For example, if all the experimental conditions remained constant, and there is no hydrogel
fabricated in the MPS structure, different fluorescent solutions with known percentages of
fluorescein sodium salt can be ejected continuously from the bottom side, and the intensity of the
fluorescent signal can be recorded in the camera. Later for the final experiment, the UV
illumination power should be adjusted to the same UV illumination, and the percentage of released
fluorescent solution can be calculated from the total accumulated fluorescent signal on each frame.
The light-actuated chemical release system developed in this research offers exciting opportunities
for addressing chemical release in a 2-D array of micropores. Since its structure is made of
biocompatible materials, it can be an option for testing artificial retinal prosthesis that works by a
chemical release. The suggested platform seems to have the advantage of higher speed, lower
price, portability, lower sample volume, low energy requirements, etc.

Currently, neural

stimulation platforms are using micro pipets and mechanical pumps for glutamate release in order
to test chemical stimulation characteristics.
As another direction in further research for the second approach, the minimum light actuation
power for the hydrogel-based release approach can be investigated in more details. The
experiments were performed with the adjusted amount of the illumination to make enough release
that the generated fluorescent signal can be detected. For this purpose, the NIR illumination power
was increased starting from 9.1 mW/mm2 until an evident change in fluorescent imaging was
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detected by illuminating at 54.6 mW/mm2. This amount of power has high energy, and it is not
compatible with biomimetic reactions. However, later when we processed all the results, it was
noticed that even with much lower illumination power the fluorescent imaging shows fast
responses to NIR illumination. Therefore, research on finding the exact amount between
fluorescent signal and illumination powers can be determining and useful for the feasibility
conditions of the final product as retinal prosthesis. Moreover, in the hydrogel-based approach, the
required illumination power can decrease by applying more light-absorbing material. The
graphene nanoplatelets are biocompatible materials that can reduce the illuminating power range
to be applied in the retinal prosthesis. If the amount of power is still not enough for chemical
release, micro-projection technics can be applied using an external camera and a projection of the
live video on the retinal prosthesis.
One of the other directions for further research is to improve the hydrogel physico-chemical
properties. For example, variations in different hydrogel material concentrations like the
crosslinker amount could be optimized. This can effectively modify the stiffness or elasticity of
the hydrogel body and lead to a change in the dynamics of shape reformation. This way, the release
mechanism can be optimized for having a better fluorescence release.
The other possible direction for future work would be to use the actual neurotransmitter instead of
a fluorescent solution. Further work could be done for testing this platform in an ex-vivo setting
where the retina that is extracted from lab animals is being stimulated on this platform, and the
generated signals from the optic neuron are recorded.
The findings in this research bring up new directions for further investigation. These results bring
up new questions. For example, what is the relationship between the firmness/thickness of the
hydrogels and their chemical release properties? Which engineering modifications or novel
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chemistries could enable tighter release control and thereby limit spontaneous release (natural
diffusion), which is a source of leakage in the system? How do these hydrogels behave in live
animals? Further research would provide answers to these questions.
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Appendix A

Depositing a thin layer of SnCl2 on the silicon sample
1. Make a solution of 0.5 Molar SnCl2 in Methanol
2. Put the sample on the hotplate and start deposition under 2 psi air pressure
3. Continue deposition for 20 minutes to reach the surface resistance of 60-300 ohms
Molarity

Temperature

0.5 M

450-500 C

Deposition Distance
time
from
hotplate
20 min *
3 cm

Nitrogen
flue rate

Resistance
Boundary

Solution
Volume

Substrate

2 psi **

60 ohm
300 ohm

A
bit Simple
more than glasshalf
of slide
the
Nebulizer
container

* After second time of 20 min deposition the resistivity decreased to 24-70 ohm on Glass slide.
** Note that the sample should not taken away from hot plate, and for second deposition we only
need to refill the Nebulizer tank.
*** For lower resistance it is suggested to put nitrogen flow rate as low as possible.
****Check the one-time deposition resistivity on a dummy glass slide before trying with main Si
sample. Then you can estimate how many times you need to deposit Tin-Oxide.

Making 0.5 M Solution mixture

SnCl2 (Formula weight

Methanol (Volume) Molar (Concentration)

Mass

8.765 g

50 ml

4.74 grams

0.5

Molarity Calculation for SnCl2:
http://www.graphpad.com/quickcalcs/Molarityform.cfm

Appendix B
PPY removal
One of the effective methods for cleaning PPY is to submerge the PPy coated sample in Piranha
solution. There are many things which will cause the reaction to accelerate out of control. "Out of
control" can mean anything from the piranha foaming out of its bin and on the deck, to an explosion
with a huge shock wave including glove and acid-gown shredding glass sharps.

Piranha Solution1 (dangerous when hot) removes organics
Sulfuric acid (H2So4)

Hydrogen peroxide (N2O2)

3

1

●

The base piranha must be heated to 60 degrees before the reaction takes off.

●

Whenever handling Piranha, only use glass containers (Pyrex).

●

When preparing the piranha solution, always add the peroxide to the acid very
slowly. The H2O2 is added immediately before the etching process because it immediately
produces an exothermic reaction with gas (pressure) release. If the H2O2 concentration is
at 50% or greater, an explosion could occur.

●

Piranha solution is very energetic and potentially explosive. It is very likely to become hot,
more than 100 degrees

●

Handle with care. Supposedly a beaker with Piranha solution should not picked up!
Picking up a beaker that is this hot will be very painful, might melt your gloves, and
may cause you to spill it!

Appendix C
Water-based Hydrogel Fabrication
1. Make the following solution of monomers:

Water

NIPAAm AAM

BIS

10 ml

1 gr

0.02 gr

0.1 gr

2. Degas the monomer solution with nitrogen for about 30 minutes.

3. Make a solution of 5% APS in water

APS

Water

50 mg 1000 µL

4. Mix, and vibrate the mixture of three materials as fast as possible.

Monomer solution %5 AP

TEMED

1 ml

1 µL

20 µL

**** TEMED is accelerator and should be added in the last step, because it is the one which
increasing the speed of Chemical interaction.

Appendix D
Photo-Curable Hydrogel
1. Make the following solution of monomers:
DMSO

NIPAAm

AAm

BIS

Darocur

LCST Temp

10 ml

2 gr

0 gr

0.1 gr

100µL

32 ° C

10 ml

1.9 gr

0.1 gr

0.1 gr

100µL

More than 32 ° C

2. Cure the hydrogel under 365 nm UV light for 2 minutes

•

No need to degas the monomer solution with nitrogen.

●

It also works with 50µL Dacrcour, but higher 100µL works more reliable.""

Appendix E
Curing the water-based hydrogel in the porous membrane sample
1. Prepare Hydrogel solutions
2. Clean a membrane sample, and submerge for 30 minutes in 3% 3-Methacryloxypropyl
trimethoxy Silane in Toluene
3. Take sample and dry it with Nitrogen and put it in the cell.
5. After making the last solution, blow nitrogen inside the cell beside the membrane sample.
And pour the prepared and degassed solution on top of the membrane porous sample.
6. Put the glass cover on top of mold and close the main cap of plastic.
7. Sonicate for 5-10 seconds.
8. Give it 5-10 minutes. (You can check to see if the hydrogel is made by checking the
remaining solution inside the vail, but usually vails change to hydrogel faster than wide
area cell.
9. Open the cell carefully and separate the sample with hydrogel.

